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Abstract 
Al-Al2O3 and Al-4wt%Cu-SiC metal matrix nanocomposites were studied 
because these materials have a potential for offering good ductility, high strength, 
and high electrical and/or thermal conductivity, which make them ideal for 
engineering applications such as aerospace and automobile components. In order 
to achieve these goals the reinforcement phase needs to be in a particulate form, 
and the size of the particles needs to be small. 
Samples of aluminium based nanocomposites were produced with different 
volume fractions, ranging from 2.5-10 vol.% of alumina (Al2O3) and silicon 
carbide (SiC) nanoparticles. High energy mechanical milling (HEMM) with 
various milling times ranging from 6-12 hours was used to produce these samples. 
Optical microscopy, XRD, SEM, TEM and microindentation were used to 
characterize the milled powder and bulk samples. Bulk  solid Al-(2.5-10) vol. % 
Al2O3 and Al-4wt%Cu-(2.5-10) vol. %SiC nanocomposites samples were 
produced using different powder consolidation techniques such as powder 
compact forging and powder compact extrusion. 
The microstructure of the composite powder/balls/granules produced was studied 
in details to understand the morphology, macrostructure and microstructural 
evolution during the HEMM and with changing volume percent of the 
reinforcements in the matrix. The nano SiC and Al2O3 were imbedded into the 
aluminium matrix due to the high forces and strains affecting particle surfaces 
during milling and the very small size of the reinforcement relative to the size of 
the Al particles. The average microhardness was increased with increasing volume 
fraction of reinforcement within the matrix. HEMM was used to fabricate Ultra-
Fine Grained (UFG) and nanostructured Al- (2.5-10) vol. %Al2O3  composites 
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with a dispersion of nano alumina within the matrix and Al-4wt%Cu- (2.5-10) 
vol%SiC with two different sizes of SiC in the micro and nano ranges. 
A UFG  structure in the Al and Al-(2.5-10)vol.% Al2O3 nanocomposites can be 
synthesized by a combination of high energy mechanical milling  and severe 
plastic deformation used to consolidate the powder compacts into nearly fully 
dense forged discs and extruded bars. No significant microscopic yielding was 
found in the Al-2.5 and 10 vol. %Al2O3 composites produced by powder compact 
forging. However, Al-5vol. % Al2O3 showed plastic yielding of 8%, and the best 
fracture strength of 343 MPa. No significant microscopic yielding was noticed for 
the Al- 10 vol. %Al2O3 composite produced by powder compact extrusion. Al-
2.5vol. % Al2O3  showed plastic yielding of ~1% with the highest tensile strength 
of 364 MPa while Al-5vol. % Al2O3 showed plastic yielding of 8% with a yield 
strength of  318 MPa. 
The average microhardness of the extruded bars for Al-4wt%Cu-(2.5-10)vol.% 
SiC increased from 104 HV to 205 HV with increasing the volume fraction of SiC 
nanoparticles from 2.5 to 10%. The ultimate tensile strength increased from 168 
MPa to 400 MPa with increasing volume fraction of SiC nanoparticles from 2.5 to 
5% while the ductility dropped from 6.8% to 1.2 %. The fracture strength of the 
Al-4wt%Cu-micro-SiC was increased from 225 MPa for Al-4wt%Cu-
2.5vol. %SiC to 412 MPa for Al-4wt%Cu-10vol. % SiC. The Al-4wt%Cu-
2.5vol. %SiC forged disc did not show any macroscopic plastic yielding, while 
the Al-4wt%Cu-(7.5 and 10)vol. %SiC forged disk showed macroscopic plastic 
yielding with a small plastic strain to fracture (~1%). 
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 Chapter One: Introduction  
 
Materials are classified into five main types: metallic, ceramic, polymeric 
materials, advanced and composite materials [1, 2]. A Composite is a mixture of 
two or more distinct constituents or phases. However, this definition is not 
sufficient and three other criteria have to be satisfied before a material can be said 
to be a composite. Firstly, both constituents have to be present in reasonable 
proportions, >5%. Secondly the constituent phases should have different 
properties and finally a man-made composite is usually produced by intimately 
mixing and combining the constituents by various means [3]. Composites are 
commonly classified at two distinct levels. The first level of classification is 
usually made with respect to the matrix constituent. The major composite classes 
include organic-matrix composites (OMCs), metal-matrix composites (MMCs), 
and ceramic-matrix composites (CMCs). The second level of classification refers 
to the reinforcement form—particulate reinforcements, short fibres, continuous 
fibre laminated composites, and woven composites (braided and knitted fibre 
architectures are included in this category), as depicted in Fig. 1 [4].  
Reinforcements, characterized as either continuous or discontinuous, may 
constitute from 10 to 60 vol% of the composite. Continuous fibre or filament 
reinforcements include graphite (Gr), silicon carbide (SiC), boron, aluminium 
oxide (Al2O3), and refractory metals. Discontinuous reinforcements consist 
mainly of SiC in whisker (w) form, particulate (p) types of SiC, Al2O3, or titanium 
diboride (TiB2), and short or chopped fibres of Al2O3 or graphite [5].  
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Figure ‎1.1: Common forms of reinforcement phase [4]. 
 
The most common matrix materials of MMCs are: aluminium, titanium, 
magnesium, copper, nickel, and various alloys of these metals [6]. Most of the 
commercial work on MMCs has focused on aluminium as the matrix metal. The 
combination of light weight, corrosion resistance, high mechanical properties, and 
relatively low melting point makes aluminium alloys attractive as engineering 
materials. These properties also make aluminium well suited for use as a matrix 
metal and suitable to be produced by powder metallurgy, and by casting methods. 
The melting point of aluminium is high enough to satisfy many application 
requirements, yet low enough to render composite processing reasonably 
convenient. Also, aluminium can accommodate a variety of reinforcing agents, 
including continuous boron, Al2O3, SiC, and graphite fibres, and various particles, 
short fibres, and whiskers [5, 7]. 
We chose to study Al-Al2O3 and Al-4wt%Cu-SiC metal matrix composite as these 
materials offer good ductility, high strength, and high electrical and thermal 
conductivity, making them ideal for engineering applications such as aerospace 
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and automotive. In order to achieve these goals the reinforcement phase needs to 
be in a particulate form, and the size of the particles needs to be small. 
In this PhD research, samples of aluminium based matrix nanocomposites were 
produced with different volume fractions, ranging from 2.5-10 %, of alumina 
(Al2O3) and silicon carbide (SiC) nanoparticles. High energy mechanical milling 
(HEMM) with various milling times ranging from 6-12 hours was used to produce 
these samples. Optical microscopy, XRD, SEM, TEM and micro-indentation were 
used to characterize the mechanically milled powder and final bulk samples. Bulk  
solid Al-(2.5-10) vol. % Al2O3 and Al-4wt%Cu-(2.5-10) vol. %SiC 
nanocomposite samples were produced using powder compact forging and 
powder compact extrusion. 
The hypothesis to be investigated in this thesis is whether high energy mechanical 
milling, followed by powder consolidation can produce a fine distribution of 
alumina and/or silicon carbide particles in the aluminium microstructure, which 
enhances the mechanical properties of aluminium without adversely affecting its 
electrical conductivity. 
The objectives of this study are: 
 To understand the effect of the various milling conditions on the 
microstructure and microhardness of Al with (2.5-10) vol. % of Al2O3 and 
Al-4wt%Cu with (2.5-10) vol. % of SiC processed to give an ultra fine-
grained structure as a result of mechanical milling. 
 To understand the effects of powder consolidation techniques and 
conditions on the microstructure and mechanical properties of the bulk 
aluminium composites with ultrafine microstructure. 
 To understand the relationship between microstructure and mechanical 
properties of the ultrafine aluminium composite materials. 
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The thesis is divided into seven chapters. The first chapter is an introduction, 
chapter two presents a review of the literature on aluminium matrix 
nanocomposites (AMNC`s), with some general background information, 
processing techniques and the relationship between microstructure and 
mechanical properties of these composites. Chapter three describes the 
experimental procedure used in this work. Chapter four to chapter six presents and 
discusses the results of the research. Chapter seven summarizes the conclusions 
and gives recommendations for future work. 
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 Chapter Two: Literature Review 
2.1 Introduction 
A composite material in the broad sense refers to all solid material composed of 
more than one component wherein those components are in separate phase. This 
definition includes a wide range of materials such as, fibre reinforced plastics, 
regular and steel reinforced concrete, particle filled plastics, and rubber reinforced 
plastics, wood laminates, and ceramic mixtures. MMCs have higher strength-to-
density ratios, better fatigue resistance (Fatigue damage in composites is very 
complex, due to several damage mechanisms occurring at many locations. Such as 
matrix cracking, fibre fracture, longitudinal cracking, crack coupling. As a result, 
composites components generally do not fail due to single, large macrocracks, but 
rather fail due to a series of interdependent damage events), better elevated 
temperature properties (such as high strength and low creep rate), and lower 
coefficients of thermal expansion, high thermal conductivity, good damping 
characteristics, excellent wear properties and flexibility in design attributes [1, 2]. 
Table 2.1 below shows the advantages and disadvantages of composite materials. 
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Table ‎2.1: Advantages and disadvantages of composites [3]. 
Advantages Disadvantages 
 Lightweight 
 High Specific Stiffness 
 Tailored properties 
(anisotropic) 
 High specific strength 
 Easily mouldable to complex 
(net) shapes 
 Part consolidation leading to 
lower overall system cost 
 Easily bondable 
 Good fatigue resistance 
 Good Damping 
 Crash worthiness 
 Internal energy storage and 
release 
 Low thermal expansion 
 Low electrical conductivity 
 Stealth (low radar visibility) 
 Thermal Transport ( carbon 
fibre only ) 
 Cost of material 
 Lack of well-proven design rules 
 Metal and composite designs are 
seldom directly interchangeable 
 Long development time 
 Manufacturing difficulties 
(manual, slow, environmentally 
problematic, poor reliability) 
 Fasteners 
 Low ductility (joints inefficient, 
stress risers, more critical than in 
metals) 
 Solvent/moisture attack 
 Temperature limits 
 Damage susceptibility 
 Hidden damage 
 EMI shielding sometimes 
required 
Metal-matrix composites (MMCs) are a class of materials with potential for a 
wide variety of structural and thermal applications. Metal-matrix composites are 
capable of providing higher-temperature operating limits than their base metal 
counterparts, and they can be tailored to give improved strength, stiffness, thermal 
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conductivity, abrasion resistance, creep resistance, or dimensional stability. 
Unlike resin-matrix composites, they are non-flammable, do not outgas in a 
vacuum, and suffer minimal attack by organic fluids such as fuels and solvents.  A 
desire to extend the structural efficiency (high specific strength and high specific 
stiffness) of metallic materials motivated the development of metal matrix 
composites in the 1950s and early 1960s [1, 4]. Early work on sintered aluminium 
powder was a precursor to discontinuously reinforced MMCs. The development 
of high-strength monofilaments—first boron and then silicon carbide (SiC)—led 
to significant research effort on fibre- reinforced MMCs throughout the 1960s and 
early 1970s. A wide range of aluminium alloys in various forms have been used in 
MMCs. These are attractive because the density of most aluminium alloys is near 
that of pure aluminium, approximately (2698 kg/m
3
) and pure aluminium melts at 
(660.32 °C). This relatively low melting temperature facilitates processing of Al-
based MMC's by solid state routes, such as powder metallurgy, and casting [5, 6]. 
  Lightweight, high specific strength and Young`s modulus, good wear resistance 
and high temperature strength are some of the properties that aluminium matrix 
composites possess [7-10]. Aluminium based metal matrix composites (AlMMCs) 
are ideal materials because the melting point of aluminium is high enough to 
satisfy many application requirements, yet low enough to render composite 
processing reasonably convenient so that they can be widely used in aerospace, 
defence and automotive industries [11, 12].  
 Niihara proposed the concept of structural ceramic nanocomposites in 
1991[13]and in the last 2-3 decades, interest in the processing, microstructure and 
properties of metallic materials with grain sizes in the range of tens to several 
hundreds of a nanometres has increased considerably [14-16]. 
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2.2 Fabrication of Metal Matrix Nanocomposites 
Discontinuous reinforced composites have been rapidly developed during the 
1980s, with a focus on Al-based composites reinforced with particles and short 
fibres of SiC and Al2O3 [17]. The use of aluminium alloys (like Al-Si alloys) for 
the matrix is preferred because of its advantages, including low cost and ease of 
handling. The major fabrication methods used for aluminium metal matrix 
composites are stir casting, squeeze casting, compocasting and infiltration, spray 
deposition and powder metallurgy. Wide applications were found for the alumina-
reinforcing aluminium metal matrix composites in the automotive and aerospace 
industries along with carbon and silicon carbide-reinforced composites [18]. 
Powder metallurgy is used to synthesize both aluminium metal matrix composites 
(AlMMC`s) and ceramic matrix composites through the relativity low-cost 
methods of single compaction, double compaction and mechanical deformation 
following hot pressing as well as through high cost hydrostatic and isostatic 
compaction methods [17, 19]. High energy, high rate processing (solid-phase 
synthesis) was used successfully to consolidate rapidly quenched powders 
containing a fine distribution of ceramic particulates, where the consolidation of a 
metals-ceramic mixture involves the application of high energy in a short period 
of time [20]. 
 There has been considerable effort to produce in-situ nanocomposites by 
mechanical alloying. In-situ particle composites that have been prepared include 
aluminium based MMCs such as Al-Al2O3, Al-TiC, and Al-TiBs [17]. 
Metal matrix nanocomposites can be synthesized either through the separate 
addition of particles to the matrix (ex-situ) or the formation of the reinforcement 
at the time of synthesising the matrix metal (in-situ). Ex-situ nanocomposites are 
prepared by incorporating ceramic nanoparticles into the ductile matrix via either 
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powder metallurgy (PM) or liquid metallurgy routes, whilst in-situ 
nanocomposites are prepared by producing the nanoparticles inside a matrix 
through exothermic reactions between the constituent elements during the 
fabrication process. The particles synthesized in-situ is normally extremely fine 
(nano sized), homogeneously distributed in the matrix, and are thermally stable, 
and therefore more effectively reinforce the matrix resulting in higher mechanical 
properties [21-24]. 
  Powder metallurgy is a common technique for producing MMNCs especially 
AlMMNCs, where ceramic nanoparticles are incorporated into Al and its alloys 
[14, 25]. Powder blending and/or premixing using ex-situ or in-situ methods 
followed by consolidation is one of the ways used for the fabrication of MMNCs. 
The powders are blended for certain times ( 20 minutes [26] and 4 hours have 
been used with5 wt.% of nanosized alumina [27] for example), with different 
weight fractions of nanometre sized ceramic particles before being milled and put 
into moulds [7, 26, 27].  Powders of the Al matrix and reinforcement powders are 
then mechanically alloyed to develop a new matrix. As an example, figure 2.1 
(a)–(e) shows the SEM microstructure taken from an Al–5%Al2O3 composite after 
75, 150, 230, 450 and 900 min milling. As expected, the particle distribution was 
not uniform and the distance between alumina particles was large after relatively 
short milling times [28]. 
Spray deposition is an advanced technique used to synthesize MMNCs. Spray 
deposition facilitates through cost savings, the production of alloys with 
compositions that are difficult, if not impossible to produce conventionally. It also 
offers the possibility for modifying the properties of the sprayed deposit. 
MMNC`s produced using this technique include Al alloys, Cu alloys, stainless 
steels, high Cr alloy steels, and superalloys [29-31].   
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Figure ‎2.1: SEM micrographs of Al–5%Al2O3 composite milled after: (a) 75 min; (b) 
150 min; (c) 230 min; (d) 450 min; (e) 900 min [28]. 
Another technique used to fabricate MMNCs is squeeze casting in which the melt 
solidifies under pressure [32, 33]. Figure 2.2 shows an SEM micrograph of a 
hybrid consisting of 20 vol.% SiC whiskers and 5 vol.% SiC nanoparticles. 
Aluminium, magnesium, and copper alloy components are readily manufactured 
using this process [34], while the reinforcement materials include ceramics, 
carbon and graphite. 
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Figure ‎2.2: SEM micrograph of a hybrid consisting of 20 vol.% SiC whiskers and 5 
vol.% SiC nanoparticles fabricated by squeeze casting route[35]. 
2.3 High Energy Mechanical Milling 
Mechanical milling is a very effective method used for producing alloys and 
composite powders. Milling is carried out under an inert atmosphere to prevent 
the oxidation of the powders. Process control agents (PCAs) are normally used to 
prevent sticking of the milled powders to the surface of the balls and inner walls 
of the vial and to achieve a proper balance between cold welding and fracture 
when milling ductile materials. There are a variety of high energy mechanical 
mills including planetary ball mill (Figure 2.3), vibratory ball mill, tumbler ball 
mill, and discus mill.  
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Figure ‎2.3: Picture and schematic drawing of a high-energy planetary ball mill. 
According to El-Eskandarani [36] the objectives of milling are particle size 
reduction, mixing and blending, particle shaping and mechanical alloying. These 
objectives are accomplished by means of continuous plastic deformation, 
fracturing and welding of powder particles. The MA process is affected by several 
factors such as the type of mill, the milling tool material, atmosphere, temperature, 
time, media types, and media to powder weight ratio.  
One of the most common systems for mechanical alloying to produce composites 
is the ductile/brittle system. This system involves powder particles of a ductile 
metal such as Al, Cu, or Ni and a brittle phase which might be an oxide or carbide. 
During milling, the ductile particles become flattened, while the brittle particles 
undergo fragmentation. When the ductile flattened particles start to weld together 
due to ball collision, the fragmented brittle particles are embedded between the 
ductile layers. In this way, the brittle phase is uniformly distributed within the 
matrix [28, 37-40]. Cu-Al2O3, Al-Al2O3, NiAl/Al2O3 are common ductile/brittle 
systems. The microstructural evolution of the system during mechanical milling is 
schematically described in Figure 2.4. 
 14 
 
Figure ‎2.4: The various stages of a ductile-brittle system during mechanical alloying [41]. 
2.4 Microstructure of MMNCS Powder Particles Produced by 
MA 
A feature of nanocomposites is the control of grain size of both the matrix and 
reinforcement to within nanometre (10
-9
 m) size. Fine grain sizes, homogenous 
reinforcement distribution and strong bonding of reinforcements with the matrix 
will certainly improve mechanical properties [42, 43]. It is essential to obtain a 
fine and homogenous microstructure for better mechanical properties.  
The morphology of the nanocomposite powder particles changes during milling 
due to plastic deformation driven by impact forces from the milling media. Figure 
2.5 shows the morphologies of atomized Al powder particles and the powder 
particles of milled Al-5vol. %Al2O3 and Al-5083/SiCp nanocomposites. During 
mechanical milling of metal powders, the morphology and structure of the 
particles undergo continuous changes. Plastic deformation, welding, and fracture 
of the particles are dominant mechanisms which influence the characteristics of 
milled powders. When soft aluminium powder is milled, the energy of milling 
deforms the particles and changes their morphology from equiaxed to a flatten 
profile. This can be accompanied by welding of the flattened particles to form 
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larger agglomerates. As shown in Figure 2.6[44], Al-5wt%Al2O3 nanocomposite 
powder particles milled for 15 h showed flattening and coarsening, while after 20 
h of milling, the powder particles became finer and changed their shape from flat 
and elongated to almost equiaxed. It is noteworthy to mention that an Al–Mg 
alloy 5083 matrix is more brittle than pure Al due to the solid solution hardening 
effect of the Mg. This accelerates particle fracturing and shortens the different 
mechanical milling stages [44]. 
 
Figure ‎2.5:  (a) Particle morphologies of the as-received atomised Al powders [45] , (b) 
particle morphologies of Al–5 vol% Al2O3 powder after 8 hours of milling time [45], (c) 
particle morphologies of cryomilled Al-5083/SiCp composite powder [46]. 
 
Figure ‎2.6: Variation of particles size as a function of milling time for Al/5wt.%Al2O3 
and Al–10Mg/5Al2O3 powder mixture [44]. 
Mechanical alloying is a feasible method of adding alloying elements to improve 
both the mechanical and physical properties [28, 41] and distribution of 
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reinforcement within the matrix. But with increasing milling time beyond a 
certain point there is no significant effect on microstructure because mechanical 
alloying reaches a steady-state condition. This behaviour can be attributed to the 
cold welding of initial ductile particles followed by work hardening and thus the 
fracturing of powder particles. When the rate of the processes of cold welding and 
fracturing are equal, a steady state is achieved. 
During milling, aluminium powder particles undergo cold working and the 
tendency for them to incorporate alumina nanoparticles decreases with increasing 
milling time [28, 45, 47]. Figure 2.7 shows a uniform distribution of Al2O3 
particles in an Al matrix and an Al (Cu) solid solution matrix. The high energy 
milling process reduces the reinforcement size and tends to eliminate 
reinforcement defects and sharp edges, producing a rounder reinforcement 
morphology, which will result in better composite properties [41, 48, 49]. 
Increasing the volume fraction and/or decreasing the particle size of the 
reinforcement particles results in more frequent interactions between dislocations 
and the hard particles which accelerates the mechanical milling[45, 50]. An 
increasing amount of reinforcement in the matrix results in larger numbers of 
particles embedded within the metal matrix. Since a higher volume fraction of 
reinforcement causes a smaller interparticle spacing, matrix relaxation is more 
difficult, which increases the dislocation density because of strain accumulation. 
All these effects accelerate the milling action since the induced reinforcement will 
act as milling media during mechanical alloying.  
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Figure ‎2.7:  (a) SEM microstructure of Al–5%Al2O3 composite after 900 min 
milling[28] ,(b) Optical micrograph of the Al–4wt%Cu matrix composite reinforced with 
α-alumina platelets[51]. 
2.5 Consolidation of MMNC Powders 
Thermomechanical powder consolidation (TPC) has been used widely to 
consolidate nanostructured powders and nanopowders to produce bulk 
nanostructured and ultrafine-structured metallic materials including metals, alloys, 
and metal matrix composites. Powder compact forging, powder compact extrusion, 
equal channel angular pressing/extrusion, hot pressing/sinter forging are among 
the common techniques for TPC [52-59]. Severe plastic deformation (SPD) of a 
bulk solid or consolidation of mechanically milled nanostructured powders are 
two widely used techniques for synthesizing bulk nanostructured or ultra-fine 
grained (UFG) Al alloys. These methods achieve fully dense bulk materials and 
are capable of making near net shaped parts for technological applications [53, 54, 
60]. Thermomechanical powder consolidation requires the application of both 
heat and pressure and the consolidation of milled powders into fully dense and 
fully bonded compacts while preserving manometer scale grain sizes is not easy to 
achieve [56, 61-65]. Adherence to clean powder handling and optimised powder 
compaction conditions play a major role in achieving effective interparticle 
bonding and high density. Severe plastic deformation (SPD) is one of the effective 
methods for making materials with nanometre or submicrometer sized grains. Al, 
Cu nanocomposites and SiO2, SiC and Al2O3 nanopowders are examples of 
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materials produced using this technique [60, 64]. The challenges are due to the 
fact that nanocrystalline materials are thermally unstable and grain growth occurs 
during high temperature consolidation [62, 64, 66, 67].  
Ball milled powders are also more difficult to consolidate, since they possess 
higher hardness and yield strength than powders in the unmilled state due to 
dispersions of hard particles, grain boundary strengthening and work hardening of 
the powder particles. High temperatures are required for good consolidation of 
powders into bulk materials in order to remove all the porosity and to obtain good 
interparticle bonding, which makes retention of a nanocrystalline structure in the 
consolidated material a serious challenge. Knowing the applied pressure and the 
temperature required to achieve good consolidation helps to control the 
recrystallization and grain growth during the TPC process. 
Another drawback is that layers of oxide/hydroxide, about 5nm in thickness cover 
the mechanically alloyed Al powder surfaces. These layers have to be broken and 
disturbed because they act as a barrier to sintering and prevent the formation of 
necks between metal particles. There will be some rupturing of the oxide film 
during pressing creating metal-metal contacts between particles. Al powders 
produced by mechanical alloying (MA) have reduced plasticity, and hence they 
are typically consolidated by hot deformation such as forging or extrusion [55, 68]. 
Hot deformation processes are used to consolidate mechanically alloyed powders 
to achieve full density. Grain growth has to be minimized so the matrix and 
reinforcement remain nanocrystalline with a mean crystallite size of less than 100 
nm [61, 62, 67, 69]. Cold isostatic pressing (CIP) and cold pressing consolidation 
take longer, but there is no significant grain growth during consolidation [54, 56, 
70, 71], it is well known that high pressure reduces diffussion rate but increases 
nucleation sites. The nucleation rate increases but grain growth decreases with 
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increasing pressure. On the other hand, using hot isostatic pressing (HIP), which 
requires shorter times for powder consolidation, there is more opportunity for 
grain growth with the grain size reaching 500nm [59, 66, 72, 73]. By controlling 
the HIP conditions especially the HIP temperature, grain sizes in the range of 200-
500 nm have been obtained during consolidation of a silicon nitride based 
nanocomposite [74], an Al2O3/SiC nanocomposite [75], TiAl and Ti3Al [76] 
powders produced by MA. 
The consolidated composite powders have a more homogeneous distribution of 
reinforcements compared with those mixed by conventional methods. Secondary 
manufacturing processes such as extrusion, rolling and forging have important 
roles in the P/M fabrication of MMCs. These processes are combined with cold or 
hot compaction in the consolidation of the composite powders. The combinations 
have many advantages such as (1) a breakup of agglomerating reinforcements, (2) 
a more homogeneous distribution of reinforcements in the matrix, (3) an 
improvement of the mechanical properties and microstructures, (4) high 
productivity and lower costs [77]. 
2.5.1 Powder Compact Forging 
Powder compact forging is an important thermomechanical processing technique 
for improving the quality of composites because low strain rates and high 
temperatures are adopted during the process [78, 79]. Previous studies have 
reported that the tendency for composite damage during plastic deformation, in 
terms of particle fracture, interfacial decohesion or growth of pre-existing voids, 
decreases using strain rates lower than 0.1 s
−1
 and temperatures near to 500 °C, 
because the stresses within the particles are reduced[80, 81].  An advantage of 
forging from powder compared with conventional casting and forging is lower 
cost and dimensional and weight control [82, 83]. Powder forged parts can 
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outperform parts machined from a forged blank, probably as a consequence of 
being fully dense, and with a very fine, uniform grained microstructure [84]. 
A schematic of the powder compact forging process is shown in Figure 2.8 [85] 
where hf is the height of a work piece after deformation, DTC is the top contact 
diameter, DBC is the bottom contact diameter and DB is the bulged diameter. 
Aluminium based particulate reinforced MMCs have limitations because of their 
low forgability resulting from defect regions. A geometrical defect (i.e., variation 
in cross-sectional area) that can concentrate stresses and strain and accelerate local 
deformation was assumed to represent all possible defects. Thus, in effect, the 
local stress concentrations around nondeformable particles, a non-uniform 
distribution of particles and grain sizes, porosity and cracked particles, were 
assumed to be simulated adequately by such a defect factor (geometrical 
defect)[55, 79, 86].  
 
Figure ‎2.8: The upset forging test – before and after deformation [85]. 
2.5.2 Powder Compact Extrusion 
Powder compact extrusion has two main advantages over other manufacturing 
processes. These are the ability to create very complex cross-sections and to work 
materials that are brittle, because the material only encounters compressive and 
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shear stresses. It also forms finished parts with an excellent surface finish. 
Extrusion can substantially decrease the number of pores and improve the density 
and more importantly, increase the interfacial bonding strength between second 
phase particles and matrix. All of the above mentioned factors can lead to 
increased yield and tensile strengths of a composite after extrusion [77, 87]. Key 
extrusion parameters are [88]: (i) the extrusion temperature. Extruding a 
composite material at a relatively high temperature imposes a non-uniform 
distribution of reinforcing, but severe particle breakage occurs during extrusion of 
a composite at lower temperatures [89]. As expected, the extrusion process breaks 
the reinforcing hard particles and thereby a uniform distribution of the particles in 
the matrix becomes evident [90] (ii) the extrusion rate, and (iii) the extrusion ratio. 
A further rise of this ratio leads to deterioration of local interfacial cohesion 
between the ceramic phase and the matrix leading to a deterioration in tensile 
properties, especially when there is a high volume fraction of crystals and 
intermetallic dispersiods [91]. In contrary, it is reported that by increasing the 
extrusion ratio, the ultimate tensile strength (UTS) and elongation values of the 
composite are also increased [90]. Nanometre and submicrometer sizes were 
achieved in consolidating Nd2Fe14B/α-Fe nanocomposite powder at 1200K with 
an extrusion ratio of 5.54:1 [92], Al-5vol.%Al2O3 nanocomposite powder at 737K 
with an extrusion ratio of 16:1 [93, 94], AZ91- 1vol.% SiC composite powder at 
623K with an extrusion ratio of 12:1 [95], and W–40wt% Cu composite powder at 
a temperature in the range of 1273-1373K with an extrusion ratio of 64 [96]. It is 
very important to control the extrusion ratio in the powder compact extrusion 
process to obtain a high density material with good mechanical properties. 
Figure 2.9 shows the powder compact extrusion process. If sufficient diffusion 
and bonding occur at the extrusion temperature then good grain boundary 
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strengthening will be achieved. Powder compact extrusion has been used to 
consolidate metal nanopowders and nanostructured powders to obtain bulk 
materials with a fine grain structure [59, 93, 97].  
 
Figure ‎2.9:  The extrusion process from loose powders to final product. 
2.6 Mechanical Properties 
Metal matrix composites (MMCs) are advanced materials with highly desirable 
property combinations, well suited to numerous aerospace and automotive 
applications such as aircraft structural parts, cylinders, and pistons. Some of these 
property combinations are high strength to density, high stiffness to density ratio. 
The grain size, reinforcement size, matrix/particle interface bonding, dislocations, 
all affect the mechanical properties of metallic materials [26, 98-101].  
The mechanical properties of MMCs depend on their microstructure, 
reinforcement content, and homogeneity.  Several studies have shown that the 
strength of MMC`s follows the Hall-Pitch relationship [102-105]. Traditional 
modelling of grain size effects on strength/hardness, using the Hall–Pitch (H–P) 
equation (σ = σ0 + kd
−1/2
 or H = H0 + Kd
−1/2
) does indeed predict increasing 
strength/hardness accompanying grain refinement [97, 106, 107]. With decreasing 
grain size and a more uniform distribution of the reinforcement particles within 
the matrix, the strength of the MMCs increases. The grain refinement was caused 
by the severe plastic deformation affecting the elemental powders and the refining 
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effect of adding the hard reinforcing particles to the Al powders. This is in 
agreement with Hesabi et.al [45] who reported that the crystallite size of the Al 
powder decreased with the addition of ceramic particles especially in the case of 
nanoscaled alumina. 
The tensile and yield strength of Al-(1-20)vol.%Al2O3 composites from different 
studies were reported to be in the range of 80-400 MPa and 100-350 MPa, 
respectively [93, 97, 98, 108, 109].The tensile and yield strength of Al-Cu- (6.5-
22)vol.% SiC composites were reported in different studies to be in the range of 
120-600 MPa and 60-220 MPa, respectively [46, 100, 102, 110].  
The reasons for the broad range of mechanical properties are related to the 
difference in the composites preparation methods. For example Kang et al [97] 
employed wet mixing, cold isotropic pressing (CIP) and sintering. The aluminium 
powder was mixed with different volume fractions (1–7 vol.%) of Al2O3 powder 
in a pure ethanol slurry. Mixed powders were dried at 150 °C and then compacted 
by CIP. All compacted billets were sintered in vacuum at 620 °C for 2 h. Finally, 
the sintered compacts were extruded at 420 °C with a reduction ratio of 
approximately 36:1, to form bars of 15 mm in diameter. All specimens were 
subjected to an anneal heat treatment at 350 °C for 2 h. On the other hand, Hesabi 
et al [93] synthesised the aluminium mixture, containing nanometric alumina with 
an average particle size of 35 nm, by mechanical milling followed by a severe 
plastic deformation process using hot powder extrusion. Wang et al [102] 
produced Al–Cu powder using inert gas atomization (Figure 2.10). The volume 
fraction of SiC particles in the composites is 20%. The SiC reinforcements are in 
particulate form with an average diameter of about 4.7 μm and 77 μm, 
respectively. Al–Cu and SiC powders were ball-mixed for 2 h, 7 h, 16 h and 40 h 
using a V-shaped powder rotator mixer with the rotation speed of about 35 r min
−1
. 
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The mixed powders were die-pressed at room temperature under a pressure of 200 
MPa in a cylindrical steel die with the diameter of 44 mm. The specimens were 
then heated in a vacuum furnace (pressure of 7 × 10
−3
 Pa) to 420 °C with a 
heating rate of 10 °C per minute. At 420 °C, the specimens were sintered for 1 h. 
Then the specimens were heated to 570 °C with a heating rate of 10 °C per minute. 
At 570 °C, the specimens were further sintered for 5 h. After sintering, the 
specimens were hot extruded to rods (with a diameter of ∼14.7 mm) at 430 °C 
with an extrusion ratio of 9:1. 
Hardness is a simple and non-destructive mechanical test for assessing yield 
strength and how the material will behave in wear testing [37, 111-114]. With 
increasing volume fraction of reinforcement within the matrix, the hardness 
continues to increase until a certain volume fraction is reached and beyond this 
the hardness will start to decrease due to clustering of reinforcement particles. 
Gupta et al [114] revealed the existence of a linear relationship between 
microhardness and tensile strength when silicon carbide particulate (SiCp) 
reinforced aluminium alloy-based composites were synthesized using the 
technique of disintegrated melt deposition (DMD). Narayanasamy et. al [84] 
reported that with increasing amounts of SiC  in the composites, the SiC particles 
impeded the motion of dislocations and hence the stress required for further 
plastic deformation increased. It was found that the hardness and tensile strength 
of an aluminium matrix composite reinforced with nanometric alumina particles 
(50 nm) increased with increasing volume fraction of reinforcement, as shown in 
Table 2.2 below [97]. It was also reported that by reducing the Al2O3 particle size 
from 400 to 4 nm the nanocomposite powder particle hardness increased by 
11%,  this trend is probably due to the difference in Al grain sizes for the different 
Al2O3 sizes [40].  Contrary to this, other workers found that small volume 
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fractions of SiC are more effective at increasing the strength of nanocomposite 
SiC than larger ones.  At higher SiC content (>2 vol.%) the strength and ductility 
of a nanocomposite were found to decrease to the detriment of the nanocomposite. 
Particle clustering was considered to be the main cause of this decrease [115], 
because as the concentration of SiC in the matrix increases, damage accumulates 
leading to increased porosity, thus weakening the nanocomposite. This can be 
explained by, enhanced void formation between neighbouring particles which can 
effectively increase the porosity of a fairly dense material. The presence of 
microspores between adhering particles and the SiC concentration increases 
damage accumulations 
Grain refinement of the matrix and a more uniform distribution of reinforcement 
within the matrix will improve the ductility of the composite [78, 116]. It was 
reported by Koch that most nanostructured materials with grain sizes in the range 
of 20- 30 nm are "brittle" in tension (<5% elongation).Three major limitations to 
ductility for nano-composite materials can be identified. These are: (1) artifacts 
from processing (Pores); (2) force instability in tension; (3) crack nucleation or 
propagation instability. A major difficulty in the study of the mechanical 
properties of nanostructured materials has been the problem of processing 
nanostructured samples with well characterized microstructures and free from the 
artifacts that can mask the inherent mechanical properties [117, 118].  
Jorge et.al [119] showed that the ductility of bulk material consolidated from 
powders is extremely dependant on the densification of the powder compacts and 
on the bonding level between powder particles. It is believed that good properties 
can only be obtained for the consolidated nanostructured aluminium powder when 
the extrusion temperature is around 400°C. That’s because, the ductility of the 
consolidated material increases significantly within the range of 375 °C to 
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400 °C.A slight decrease in ductility with rising temperature was observed at 
higher temperatures (400 °C to 425 °C). 
 According to Koch et. al [118], there are two major sources of limited ductility of 
nanostructured materials: (a) artifacts present in the consolidated particulate 
samples, and (b) the degree of interparticle bonding and any embrittling phase at 
grain boundaries. These reduce the strength and ductility of materials [97]. 
Table ‎2.2: Grain sizes and hardness of composites [97]. 
 
.  
Figure ‎2.10: Ultimate tensile strength of the composites containing 20 vol.% SiC 
particles with different mixing time and different reinforcement particle sizes [102]. 
 
Fracture in nano-composites derives from propagation of nano and/or micro voids 
or cracks. It was reported in several places that for Al metal matrix composites 
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ductile fracture occurs in the inter-particle regions by grain boundary separation. 
Brittle fracture or cleavage across the reinforcement particles in the inner-particle 
regions [22, 46, 55, 120]. Park et al [120] reported that for Al-20vol.%Al2O3 
metal matrix composites the proportion of particles (broken or debonded) present 
on the fracture surfaces increased with increasing particle volume fraction. Tjong 
et al. [121] reported that the fracture surface for Al based composites reinforced 
with in situ TiB2 and Al2O3 submicron particles were characterized by typical tear 
ridges and shallow dimple morphologies with submicron ceramic particles 
remaining intact with the matrix. Also, fracture of reinforcing particles does not 
occur due to their small sizes. This is opposite to what was reported for a different 
composite by Badini et al. [81] in which voids nucleate in the matrix at SiC 
particles and at Al-Cu-Mg precipitates. The examined composite samples showed 
that SiC particles had fractured to different extents due to an increase in stress 
within the particles, as shown in Fig 2.11 below. For other SiC reinforced 
specimens a partially ductile fracture was observed and dimples could be 
observed with SiC embedded in them. No clean separation at the SiC/matrix 
interface can be observed, indicating good interfacial bonding [122]. 
 
Figure ‎2.11: (a) SEM micrograph showing fractograph of TiO2–Al–B composite. 
Microcracks are initiated at brittle Al3Ti blocks [121], and (b) Fracture surface of 
2124/SiCp specimen tensile tested at room temperature, showing particle fractures [81]. 
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Fracture toughness is a property which describes the ability of a material 
containing a crack to resist fracture, and is one of the most important properties of 
any material for most structural applications. Facture toughness is a quantitative 
way of expressing a material's resistance to brittle fracture when a crack is present. 
It was found that the fracture toughness decreased progressively with particle 
volume fraction, but at a decreasing rate [120]. Which is attributed to growth of 
the microvoids nucleated at the fractured at the fractured particles becoming more 
limited as the interparticle spacing decreases. 
2.7 Electrical and Thermal Properties 
Electrical conductivity is a measure of a materials ability to conduct an electrical 
current. Copper is the standard by which electrical materials are rated and 
conductivity ratings are frequently expressed as a percentage of IACS which is the 
abbreviation for International Annealed Copper Standard. Pure copper is taken to 
be 100% IACS. The electrical conductivity of aluminium in general is 61 IACS. 
The electrical resistivity of MMCs increases with increasing volume fraction and 
decreasing size of non-conducting reinforcement particles [123-125]. Al–5 wt% 
Al2O3 composite materials produced by a combination of mechanical alloying and 
powder consolidation show that since the electrical resistivity of alumina is much 
higher than that of aluminium (2.7 x10
-6
 Ω cm for aluminium vs 1 x 1014 Ω cm for 
alumina), the electrical conductivity of the composite is much lower than that for 
pure aluminium [108]. Figure 2.13 shows the resistivity of the Al2O3/aluminium 
alloy composite versus the aluminium content in the composite. The resistivity 
decreases dramatically from 6.41 *10
12
 to 9.77  *10
-4
, 7.28 *10
-4
, and 6.24 *10
-4
 Ω 
m with Al2O3/A356, Al2O3/6061 and Al2O3/1050 composites, respectively, by 
increasing the aluminium alloy content in the composites from 0 to 40 vol.% 
[126]. 
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Figure ‎2.12: Resistivity versus aluminium alloy content in the Al2O3/ Al alloy 
composites [126] . 
Metal matrix composites are especially attractive materials for applications where 
a maximum thermal conductivity (λ) with a minimum coefficient of thermal 
expansion (α) and a low density are needed. The influence of thermal stresses on 
composite behaviour is much larger in MMCs than PMCs for two main reasons: 
(a) the operating temperatures and fabrication for MMCs are much higher and (b) 
a much higher yield strength is needed in the metallic matrix for thermal stresses 
to relax by plastic yielding. Mechanical alloying is used to produce metal matrix 
ceramic nanocomposites (MMCNs) with fine grains, supersaturated solid 
solutions and fine thermally stable dispersiods. A homogeneous distribution of 
thermally stable second phase particles provides good elevated temperature 
properties in the composite and the thermal stability of a microstructure is 
important during the consolidation stage of nanostructured powder processing. 
Grain growth in nanocrystalline Al with an initial grain size of ∼ 26 nm and 
produced by mechanical milling has been studied. Stabilization of nanograins 
with sizes around 50∼60 nm at temperatures as high as 0.78 Tm was observed, 
where Tm is993.1 K. The high degree of grain size stability was considered to be 
due to the pinning forces arising from impurities as well as ultrafine dispersiods 
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formed during the milling process [127]. In another study on nanocrystalline Al, 
the critical temperature above which the grain size becomes unstable was defined 
to be equal to 0.8 Tm [128]. 
In MMCs the interface between the reinforcements and the matrix largely controls 
the properties of the composites and with increased interfacial area, which is the 
case with smaller reinforcement diameters, increased interactions result between 
the reinforcements and the matrix. This is because the thermal mismatch between 
the reinforcement phase and the matrix is only in thermal equilibrium at the 
temperature at which they are brought into contact during processing. When 
cooled from the processing temperature, the thermal stresses in the composite can 
be large enough to cause plastic deformation of the matrix, especially in the 
interface regions as a result of the differences in the coefficient of thermal 
expansion between the reinforcement and the matrix. This will lead to generation 
of various defects such as dislocations [3, 129]. 
Aluminium matrix composites reinforced with a mixture of diamond and SiC 
particles of equal size were produced by gas pressure assisted liquid metal 
infiltration. Replacing SiC gradually by diamond particles resulted in a steady 
increase of thermal conductivity from 220 to 580 W m
-1
 K
-1 
[130]. The thermal 
conductivity of an Al matrix composite with a high volume fraction of SiCp ((56–
65 vol.%) and prepared by pressure infiltration was 248Wm
-1
 K
-1
[131]. Tatar et.al 
[132] has found a linear relationship between the thermal conductivity of the 
composites and the volume fraction of alumina in the composites as follows: 
K= -0.0261*V+2.67767,  
Where K is thermal conductivity (Wm
-1
K
-1
) and the V is the volume fraction of 
alumina. 
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2.8 Summary 
The main conclusions from the literature review are as follow: 
 A mechanical alloying route has been reported to be a promising technique 
for producing ultra-fine grain and nanostructured metal matrix composites. 
 The microstructure of metal matrix nanocomposites depends on the 
composition, processing temperature, and processing technique. 
 High quality material with a homogeneous reinforcement distribution is 
very important for improving the mechanical properties. 
For simple and economic production of aluminium-based nanocomposites, 
more research to investigate the advantages of powder compact forging and 
extrusion is required. In particular their efficiency at maintaining a 
nanostructure through controlled processing is important. Additionally the 
effect of process variables in achieving full density with a minimum of 
porosity and the effect on mechanical properties has received little attention 
and warrants further investigation. 
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 Chapter Three: Materials and Experimental Procedure 
3.1 Starting materials 
The starting materials were, Al and, Cu powders, and Al2O3, and SiC nano 
powders, and their details are shown in Table 3.1. 
Table ‎3.1: Details of starting materials 
Powders Manufacturer Purity Particle size 
Al Eckagranuels,Australia 99.7% 40 µm 
Cu Merck, Germany 99.7% <63 µm 
Al2O3 Allied, USA 99.9% ~50nm 
SiC Aldrich, China 99.5% <100nm 
 
3.2 Material preparation 
3.2.1 High Energy Mechanical Milling 
The composite powders were produced by high energy mechanical milling 
(HEMM ) of mixture of Al powders and Al2O3 nanopowders, and mixtures of Al 
and Cu powders and SiC nanopowders, respectively. The HEMM was carried out 
by using a PM 100 Retsch planetary ball mill as shown in Figure 3.1. The ball 
mill has a steel vial, with a cylindrical cavity of 60 mm in depth and a 100 mm in 
diameter (as shown in Figure 3.1). 72 stainless steel balls with a diameter of 12 
mm were used for the milling. The milling rotational speed was 400 rpm. The vial 
which contained steel balls and 100 grams of powder mixture was sealed in a 
glove box filled with high purity argon. Two groups of  composite powders, each 
with four nominal compositions; were produced: the first group of composite 
powders are based on Al- Al2O3 and their compositions are : Al-2.5vol.% 
Al2O3 ,Al-5vol.% Al2O3 , Al-7.5vol.% Al2O3, and Al-10vol.% Al2O3. The second 
groups of the composite powders are based on Al-4wt%Cu-SiC and their 
compositions are : Al-4wt%Cu-2.5vol.%SiC, Al-4wt%Cu-5vol.%SiC, Al-
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4wt%Cu-7.5vol.%SiC, and Al-4wt%Cu-10vol.%SiC. 1 wt% of stearic acid which 
worked as a process control agent (PCA) was added to each batch of the powder 
charge for the milling experiments. The ball to powder weight ratio used was 5:1. 
The powder charge was first mixed for 6 hours with a rotational speed of 100 rpm 
then 400 rpm high energy milling started. The total net milling time for each batch 
of the powder was 12 hours and the milling process was interrupted after 6 hours 
to take a small powder sample for characterization. 
 
Figure ‎3.1: PM 100 Retsch Planetary ball mill with the steel vial. 
3.2.2 Powder Consolidation 
The ultrafine structured Al-Al2O3 and Al-4wt%Cu-SiC nanocomposite powders 
produced by milling were consolidated by using powder compact forging and 
powder compact extrusion, respectively. For powder compact forging, the powder 
was compacted by using uniaxial hot pressing at 300 ºC for 15 minutes under a 
pressure of 240 MPa using a cylindrical H13 steel die (internal diameter: 25mm) . 
For powder compact extrusion, the powder was compacted by using uniaxial cold 
pressing at room temperature for 5 minutes under a pressure of 1000 MPa using 
the same die. For powder compact forging experiments, the powder compacts 
were heated to 450 ºC using an induction heating coil under an argon atmosphere, 
and then forged using an open die kept at room temperature , and a 100-ton 
hydraulic press with a ram travelling speed of 7.7 mm/s. Circular disks were 
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produced from the powder compact forging experiments. For the powder compact 
extrusion experiments, the powder compacts were heated to 500 ºC using an 
induction heating coil under an argon atmosphere, and then extruded  using an 
extrusion die and cylinder kept at 450 ºC and the same 100-ton hydraulic press. 
The extrusion ratio was 10:1. Cylindrical bars were produced from the powder 
compact extrusion experiments. 
3.3 Microstructure Characterization 
Samples from the as-milled powders and granules and small pieces cut 
from the consolidated disks and bars were cold mounted in epoxy resin to prepare 
the metallographic samples which were kept at room temperature for at least 12 
hours to allow the resin to fully harden. The resin (105 Epoxy Resin, Adhesive 
technologies NZ LTD) to hardener weight ratio was 4.44:1. The cylindrical 
metallographic samples were ground using SiC papers with grit numbers of 320, 
600, 1000, 2000, and 4000 under flowing water, and then, polished using 
Diamond paste and Al2O3particle suspension.  
The optical microscopy examination of the samples was done using an Olympus 
BX60 microscope, which was equipped with Polaroid digital camera (NIKON). 
X-ray diffraction analysis (XRD) was performed to determine the phase 
constituents in both powder and consolidated samples using a Philip X-pert 
system diffractometer with Cu and Kα radiation. The XRD patterns were obtained 
using a 0.03° step size averaging for 1 second per increment, with voltage of 40 
kV and a current of 40 mA. 
The microstructures of the powders and granules and consolidated samples were 
examined using a Hitachi S4700 scanning electron microscope (SEM) operated 
with a voltage of 20 kV. Energy dispersive x-ray spectrometry (EDS) analysis 
was also carried out using a Kevex microanalyser attached to the SEM. 
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An FEI Nova xT nanolab 200 dual beam (focused ion beam (FIB) and electron 
beam) microscope was used to cut specimens for examination using transmission 
electron microscopy (TEM). The TEM specimen had dimensions of 15 µm in 
length, ~ 5 µm in width, and ~100nm in thickness. The TEM specimen cut from 
the powder particle and consolidated samples were retrieved by using a Kleindiek 
ex-situ nanomanipulator, and deposited onto standard 150-mesh Au grids each of 
which were covered with a carbon film. A Philips CM200 transmission electron 
microscope equipped with a field emission gun and an EDAX energy dispersive 
X-ray spectrometer (EDS) and operated at a voltage of 200 kV was used for the 
microstructure examination and compositional analysis of the TEM specimens. 
The TEM specimens were prepared and examined at the Electron Microscopey 
Unit, University of New South Wales, Sydney, Australia. 
3.4 Microhardness Measurement 
The microhardness of the powder particles and consolidated samples was 
measured using a digital Vickers microindentation tester, LECO LM700, with a 
load of 25 gf and a 15 second dwell time. 15 measurements were made to obtain 
an average value of the microhardness measurement. 
3.5 Density Measurement 
The density of the powder compacts was measured by dividing the weight of the 
compact in air by the volume of the compact. The scale used was Mettler Toledo 
(Ag204) with accuracy of 0.1 mg.   
The density of the bulk consolidated samples was measured using the Archimedes 
method as shown in Equation 3.1[1]. 
Density   =   (3.1) 
 48 
3.6 Mechanical Testing 
For tensile testing flat dog-bone shaped specimens with a rectangular cross 
section of 2.2 mm in width and 2 mm in thickness and a gauge length of 20 mm 
for the extruded samples and 9.5 mm for the forged samples (Figure 3.2).Samples 
were cut from the powder forged disks and extruded bars using electrical 
discharge machining (EDM) (DK 77 series). The tensile test specimens were 
tested at room temperature using an Instron 4204 testing machine at a crosshead 
speed of 0.1 mm/min which corresponds to an initial strain rate of 6x10
-5
/sec for 
the forged and extruded samples. All reported data were the average of at least 
two test results. 
 
Figure ‎3.2: Tensile test specimens from the forged disks (a), and the extruded bars (b). 
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 Chapter Four: Morphology, Microstructure and Thermal 
Stability of Aluminium Based nano-composites powder 
4.1 Introduction 
This chapter describes and discusses the results of a study on the effect of milling 
time and powder charge composition on the morphology and microstructure of 
ultrafine structured (UFS) and nanostructured Al-(2.5-10)vol.%Al2O3 
nanocomposite balls /granules/powder particles and Al-4wt%Cu-(2.5-10) vol. % 
SiC nanocomposite powder particles. The purpose of this study is to achieve an 
understanding of the morphological and microstructural changes taking place in 
the powder particles during milling and the effects of different volume fractions of 
reinforcement nanoparticles on these microstructural changes. Of interest is the 
effect of increasing the volume fraction and/or decreasing the particle size of the 
reinforcement particles on the progress of mechanical milling. Some studies [1, 2] 
stated that after sintering and with increasing volume fraction of reinforcement 
within the matrix the hardness continues to increase until a certain volume 
fraction is reached and beyond this the hardness will start to decrease due to 
clustering of reinforcement particles. In this study increasing the volume fraction 
of reinforcement continued to increase the hardness of the powders even after 
reaching a steady state condition. This study also investigates the effect on 
powder yield of carrying out mechanical milling on aluminium composites 
without the use of a process control agent (PCA). This is an area of research that 
has hitherto received little attention.  
4.2 Al and Al-(2.5-10)vol.%Al2O3 nanocomposites 
granules/balls/powder particles produced by HEMM 
Nearly spherical hollow balls, having diameters in the range of 1-10 mm, were 
obtained after 6 and 12 hours of milling of Al powder (Figure 4.1(a)) using route 
one (with steel balls of 12 mm in diameter) (Figure 4.1 (b)). After continued 
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milling using route two (with a mix of steel balls  of two diameters: 25 mm and 12 
mm ) for another 6 and 12 hours, respectively, plate like granules with diameters 
in the range of 2-20 mm were produced, as shown in Figure 4.1(c). Since a 
process control agent was not added to the starting powder charge, aluminium 
powder was stuck on the inner surface of the milling vial and on the surface of the 
steel balls (Figure 4.1(d)). When 1 wt % of stearic acid was added to the Al 
powder charge, fine Al granules were produced after 12 hours of milling, using 
route one (Figure 4.1 (e)). 
  As a result of milling a mixture of Al powder with2.5, 5, 7.5 and 10 vol.% of 
Al2O3 nanoparticles without using PCA, nearly spherical balls and discs were 
formed after  6 hours of milling using route one and 24 hours using route two, the 
results are summarized in Table 4.1. Figure 4.2 shows the granules and discs 
produced from milling Al powder with 2.5-10 vol.%Al2O3 nanoparticles  without 
using  PCA. Table 4.1 shows that under the milling condition in Route 1, with 
increasing the Al2O3 content the particle size appears to decrease. Similarly for 
Route 2. 
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Figure ‎4.1: (a) As received Al powder; (b)  Al balls produced  after 6 hours of milling 
using route one; (c)  Al discs produced after 24 hours of milling using route 1 and 2; (d) 
image showing Al adhered to the surface of the steel balls ;and (e) Al granules produced 
after 12 hours of milling with 1wt%PCA. 
 
 
 53 
Table ‎4.1:  Particle and granules sizes for Al-(2.5-10)vol.% Al2O3 produced without PCA 
addition. 
Composition Milling 
condition 
Milling 
Time 
Particle/ Granule sizes 
(mm) 
Al-2.5vol.%Al2O3 Route 1 6 hr 2-5 
Al-2.5vol.%Al2O3 Route 2 24 hr 5-12 
Al-5vol.%Al2O3 Route 1 6 hr 1-5 
Al-5vol.%Al2O3 Route 2 24 hr 5-12 
Al-7.5vol.%Al2O3 Route 1 6 hr 1-4 
Al-7.5vol.%Al2O3 Route 2 24 hr 3-8 
Al-10vol.%Al2O3 Route 1 6 hr 0.5-2 
Al-10vol.%Al2O3 Route 2 24 hr 0.5-3 
 
Figure 4.3 shows images of the cross sections of the Al-(2.5-10) vol.%Al2O3 balls 
and granules produced after milling for different times ranging from 6-24 hours. 
Examination of the cross sections of the balls and granules showed that those with 
a low Al2O3volume fraction of up to 5vol.% had some cavities and those with a 
higher Al2O3of 7.5 or 10 % had no cavities. 
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Figure ‎4.2: (a) Al-2.5vol.% Al2O3 balls and discs produced after 6 hours of milling; (b) 
Al-2.5vol.% Al2O3 balls and discs produced after 24 hours of milling; (c) Al-5vol.% 
Al2O3 granules and discs produced after 6 hours of milling; (d)Al-5vol.% Al2O3  granules 
and discs produced after 24 hours of milling; (e) Al-7.5vol.% granules produced after 6 
hours of milling; (f) Al-7.5vol.%Al2O3  granules produced after 24 hours of milling; (g) 
Al-10vol.% Al2O3 granules produced after 6 hours of milling, (h) Al-10vol.% Al2O3 
coarse powder particles and granules produced after 24 hours of milling. 
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Figure ‎4.3: Images of cross sections of balls, granules and coarse powder particles of Al-
(2.5-10)vol.%Al2O3 nanocomposite produced  by HEMM without PCA: (a) 
2.5vol.%Al2O3 , 6 hours of milling, (a1) 2.5vol.%Al2O3, 12 hours of milling , (a2) 
2.5vol.%Al2O3 , 24 hours of milling; (b) 5vol.%Al2O3, 6 hours of milling, (b1) 
5vol.%Al2O3 ,12 hours of milling (b2) 5vol.%Al2O3, 24hours of  milling; (c) 
7.5vol.%Al2O3 ,6 hours of  milling,(c1) 7.5vol.%Al2O3 ,12 hours of  milling (c2) 
7.5vol.%Al2O3  , 24 hours of  milling; (d) 10vol.% Al2O3, 6 hours of milling, (d1) 10vol.% 
Al2O3 , 12 hours of milling , (d2) 10vol.% Al2O3, 24 hours of milling. 
The XRD patterns of the Al-(2.5-10)vol.%Al2O3 nanocomposite balls/granules 
produced after 12 hours of milling (Figure 4.4)  and 24 hours of milling 
( Figure 4.5), only showed the Al peaks. The absence of the Al2O3 peaks in the 
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XRD patterns might be due to the small volume fraction and very small size of the 
Al2O3 nanoparticles embedded in the milled powder particles. The low volume 
fraction of Al2O3 results in lower intensities and the fine particle size leads to 
broadening of the peaks and consequently the height of the peak is smaller. with 
Prabhu et al [3] found that for uniform 50 nm to 150 nm alumina dispersions in 
aluminium, the expected diffraction peaks for γ-alumina are not clearly observed. 
This was found for alumina volume contents as high as 50%, where only the high 
intensity 440 peak for alumina was observed. XRD analysis of the as-milled nano-
structured Al-(2.5-10)vol.%Al2O3nanocomposite showed that extensive milling 
using Route 2 (Figure 4.5) caused clear broadening of the Al peaks with a 
reduction in intensity which is an  indication of grain size reduction with 
increased milling time. The average grain sizes and lattice strains of the Al phase 
of the milled powders were determined using the Williamson-Hall method 
(Appendix A) [4] which correlate βCosθ/λ and ξSinθ/λ with a linear relationship 
expressed by the following equation:  
βCosθ= ξSinθ +0.9λ/d,                 (4.1) 
Where β is the width of the peak at the half of the maximum intensity, λ the 
wavelength of the x-ray used, d is the average grain size, θ the Bragg angle, and ξ 
the average lattice strain. Based on the Williamson-Hall method (Figure 4.6), the 
estimated average grain sizes of 12 and 24 hours milled Al-(2.5-10) vol.%Al2O3 
nanocomposite balls/granules and their lattice strain are summarized in table 4.2. 
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Table ‎4.2: Average grain size and lattice strain for milled Al-(2.5-10)vol.%Al2O3 
nanocomposite balls/granules after 12 and 24 hours of milling. 
Composition Milling Time 
(Hr) 
Average grain size 
(nm) 
Lattice Strain 
(%) 
Al-2.5vol.%Al2O3 12 64 0.155 
Al-2.5vol.%Al2O3 24 105 0.186 
Al-5vol.%Al2O3 12 138 0.247 
Al-5vol.%Al2O3 24 125 0.228 
Al-7.5vol.%Al2O3 12 68 0.136 
Al-7.5vol.%Al2O3 24 121 0.327 
Al-10vol.%Al2O3 12 217 0.4 
Al-10vol.%Al2O3 24 73 0.162 
 
The average grain sizes and lattice strains of the Al-(2.5-
10)vol.%Al2O3nanocomposite after 12 hours of milling  were changing with 
increasing volume fraction of Al2O3 due to cold welding through not using a PCA. 
With increasing percentage of alumina particles, the amount of agglomeration in 
the composite powders was increased. After the ball milling process, the 
aluminium particles are cold welded to the wall of the milling cup and balls due to 
the applied normal force in this process. This phenomenon is due to the locally 
increasing temperature at the contact point between the balls and vial [5]. 
However after 24 hours of milling the grain size changes were negligible 
suggesting that the effect of increased milling time leads to a steady-state 
condition [6, 7] when there is no further decrease in grain size with increased 
milling time. The peaks shift because 2Ө has changed which implies a change in 
`d` spacing. The changes in the lattice parameters are considered to result from the 
combined effect of the residual stress due to the mechanical milling, and to 
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variations in composition [8]. Another explanation is due to Fe dissolution in the 
Al lattice regarding the higher atomic radius of Fe than Al. 
 
Figure ‎4.4: X-Ray diffraction patterns of the 12 hours milled Al-(2.5-10)vol.%Al2O3 
nanocomposites balls/granules. 
 
Figure ‎4.5: X-Ray diffraction patterns of the 24 hours milled Al-(2.5-10)vol.%Al2O3 
nanocomposites balls/granules. 
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Figure ‎4.6: Average grain size and lattice strain of Al-(2.5-10)vol.%Al2O3 
nanocomposites  balls/granules as functions of the volume fraction of Al2O3 : (a) after 12 
hours of milling ,(b) after 24 hours of milling. 
A TEM examination was carried out on specimens of as milled Al-Al2O3 
composite granules for all compositions investigated in the work (Figures 4.7-4.9). 
In all cases, a STEM analysis (Figures 4.11, 4.14, 4.16) showed through EDX 
elemental mapping, a uniform distribution of oxygen rich areas. These regions 
contain Al2O3  nanoparticles of varying size depending on the Al2O3 content and 
processing conditions. The results for changes in composition and processing 
conditions are summarized in Table 4.3. From the TEM figures it can be noticed a 
high density of dislocations within the Al matrix grains. The SAD patterns did not 
show well-defined single crystal spot patterns but a tendency towards ring 
patterns confirming a very small aluminium grain size, as shown in Figure 4.13. 
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If we look carefully at the images in Figures 4.10, 4.12, and 4.15 there is a sub-
structure associated with the Al2O3 particle and the reinforcement nanoscaled 
particles distributed mostly at the grain boundaries, which is in agreement with 
the findings of Arami [9], who carried out work on nanocrystalline Al–4 wt% Cu 
alloy reinforced with nanometric Al2O3 particles which was synthesized by in situ 
reactive milling of Al and CuO powder mixture. The size of alumina particles was 
in the range of 10–50 nm and they were mostly distributed at the grain boundaries. 
The processed nanocomposite powder has fine and equiaxed particles with 
relatively high bulk density.  
Table ‎4.3: Grain size summary of Al-(2.5-10)vol.%Al2O3 nanocomposites  balls/granules 
as functions of the volume fraction of Al2O3 , after 12 and 24 hours of milling. 
12 hrs milling time 24 hrs milling time
Al-2.5vol. %Al2O3 200-700
Al-5vol. %Al2O3 200-600
Al-7.5vol. %Al2O3 200-400
Al-10vol. %Al2O3 50-200
Grain Size (nm)
Composition
150-450
100-450
100-250
10-100
 
Randomly selected Al-(2.5-10) vol. %Al2O3 nanocomposites balls/granules were 
mounted ground and polished to produce flat surfaces for microhardness testing. 
15-20 indents were taken for each measurement with the distances between 
indents being at least 100 µm to reduce the variability and the error of the 
measurements. As shown in Figure 4.17, for the Al-(2.5-10)vol.%Al2O3 
nanocomposites granules produced after 12 hours of milling, with an increasing 
volume fraction ofAl2O3 nanoparticles from 2.5 to 10 vol. %, the average 
microhardness increased from 108 HV to 143 HV. The microhardness of 24 hours 
milled Al- (2.5-10) vol. %Al2O3 nanocomposite granules increased from102.9HV 
to 156 HV as the Al2O3 content increased from 2.5 to 10 vol.%. 
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Figure ‎4.7: TEM bright field image of a specimen cut from a randomly selected 12 hours 
milled Al-2.5vol.%Al2O3 nanocomposite granules. 
 
Figure ‎4.8: TEM bright field image and SADP of a specimen cut from a 24 hours milled 
Al-2.5vol.%Al2O3 granules. 
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Figure ‎4.9: STEM image and the corresponding EDX elemental mapping of 24 hours 
milled Al-2.5vol. %Al2O3 nanocomposite granules. 
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Figure ‎4.10: TEM bright field image of Al-5vol. %Al2O3 nanocomposite granules (a) 
after12 hours of milling, (b) after 24 hours of milling. 
 
Figure ‎4.11: STEM image and EDX elemental mapping of a 12 hours milled Al-
5vol. %Al2O3 nanocomposite granule showing the distribution and clustering of Al2O3 
within the Al matrix. (Red colour: Al; green colour: O) 
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Figure ‎4.12: TEM bright field image of Al-7.5vol.%Al2O3nanocomposites granules 
produced by HEMM, (a)after 12 hours of milling , (b) after 24 hours of milling, 
respectively. 
 
Figure ‎4.13: SADPs of Al-7.5vol.%Al2O3 nanocomposites granules produced by HEMM, 
(a) after 12 hours of milling, (b) after 24 hours of milling, respectively. 
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Figure ‎4.14: STEM images ((a) and (c)) and EDX elemental mappings ((b) and (d)) of 12 
and 24 hours milled Al-7.5vol. %Al2O3nanocomposite granules produced by HEMM, (a)-
(b) after 12 hours of milling, (c)-(d) after 24 hours milling. (Red colour: Al; green colour: 
O) 
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Figure ‎4.15: TEM bright filed image and SADPs of nanostructured Al-10 vol. %Al2O3 
particles produced by HEMM, (a) and (b) after 12 hours of milling, (c) and (d) after 24 
hours of milling, respectively. 
 
Figure ‎4.16: (a) STEM image and (b) EDX elemental mapping of 24 hours milled Al-
10vol.%Al2O3 nanocomposite granules. 
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Figure ‎4.17: Microhardness of 12 and 24 hours milled Al- (2.5-10) vol. %Al2O3 
nanocomposite granules as functions of the volume fraction of Al2O3. 
 
4.3 Al-(2.5-10)vol.%Al2O3 nanocomposites powders 
This section talks about producing Al-(2.5-10)vol.%Al2O3 nanocomposite 
powders with the use of 1wt% of PCA   and two different milling times ( 6 and 12 
hours). Because PCA is used during milling a sufficient amount of powder was 
produced without the need for route two (18 and 24 hours of milling). The powder 
particle sizes are summarized in table 4.4 below. The particle size distribution as a 
function of volume fraction of reinforcement (Figure 4.18) showed that the 
particle mean diameter D (V, 0.1) was 114, 95, 40, and 26 um for Al-
2.5vol.%Al2O3, Al-5vol.%Al2O3, Al-7.5vol.%Al2O3, Al-10vol.%Al2O3 
nanocomposite powders, respectively. The particle size was calculated using a 
Malvern Mastersizer 2000 where samples are dispersed in water and circulated 
through the mastersizer and analysed using laser diffraction to give the particle 
size results. Figure 4.19 shows SEM images of the Al-(2.5-10)vol.%Al2O3 
nanocomposite powders  produced by HEMM with 1wt%PCA.  
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Figure ‎4.18: Particle size distribution of the Al-(2.5-10) vol.%Al2O3  nanocomposite 
powder produced after 12 hours of milling: : (a) 2.5vol.%Al2O3 ;(b) 5vol.%Al2O3 ; (c) 
7.5vol.%Al2O3; (d) 10vol.%Al2O3  . 
Table ‎4.4: The particle size of the Al-(2.5-10)vol.%Al2O3 nanocomposite powders  
produced by HEMM with 1wt%PCA. 
Composition Milling 
condition 
Milling 
Time 
Powder particle sizes 
(µm) 
Al-2.5vol.%Al2O3 Route 1 6 hr 20-100 
Al-2.5vol.%Al2O3 Route 1 12 hr 10-120 
Al-5vol.%Al2O3 Route 1 6 hr 40-110 
Al-5vol.%Al2O3 Route 1 12 hr 20-80 
Al-7.5vol.%Al2O3 Route 1 6 hr 30-120 
Al-7.5vol.%Al2O3 Route 1 12 hr 20-70 
Al-10vol.%Al2O3 Route 1 6 hr 10-60 
Al-10vol.%Al2O3 Route 1 12 hr 5-50 
 
The cross sectional morphologies of the 12 hours milled powder particles with 
different volume fractions of Al2O3 are shown in Figure 4.20.These micrographs 
show that the powder particles were irregular and as the volume fraction of Al2O3 
nanoparticles increased from 2.5 to 10%, the sizes of the nanocomposite powder 
particles correspondingly decreased, for the same milling time. 
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Figure ‎4.19: SEM images of the Al-(2.5-10)vol.%Al2O3 nanocomposite powders  
produced by HEMM with 1wt%PCA: (a) 2.5vol.%Al2O3 , 6 hours of milling; (b) 
2.5vol.%Al2O3 , 12 hours of milling; (c) 5vol.%Al2O3 ,6 hours of milling; (d) 
5vol.%Al2O3  , 12 hours of milling; (e) 7.5vol.%Al2O3 ,6 hours of milling, (f) 
7.5vol.%Al2O3   , 12 hours of milling; (g) 10vol.% Al2O3 ,6 hours of milling, (h) 
10vol.%Al2O3,12 hours of milling. 
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Figure ‎4.20: SEM backscattered electron images of the cross sections of the Al-(2.5-
10)vol.% Al2O3 nanocomposite powder particles produced by 12 hours of milling: (a) 
2.5vol.% Al2O3 ;(b)5vol.% Al2O3;(c)7.5vol.% Al2O3 ;and (d)10vol.% Al2O3. 
 
Figure 4.21 shows the XRD patterns of Al and Al-(2.5-10) vol.% Al2O3  nanocomposite 
powders produced after 12 hours of milling. The XRD patterns showed only the Al peaks 
for the same reasons discussed in section 4.2 above. An Al2O3 peak was noticed with the 
composite of Al-10vol.% Al2O3 but still a weak and broadened peak. The fine particle 
size leads to broadening of the peaks and consequently the height of the peak is smaller. 
Which agree with Prabhu et al [3]. It is clear that with increasing volume fraction of 
Al2O3 nanoparticles the XRD peaks for aluminium became broader, suggesting that the 
sizes of Al grains had decreased. As before, the average grain sizes and lattice strains of 
the Al phase of the milled powders were determined using the Williamson-Hall method.  
Figure 4.22 shows the βCosθ/λ vs ξSinθ/λ data points for the Al-2.5vol.%Al2O3 and Al-
10vol.%Al2O3 nanocomposite powders after 12 hours of milling, respectively. Based on 
the broadening of the XRD peaks of the Al phase, the average grain size and lattice strain 
due to the alumina phase distributed in the Al matrix of the nanocomposite powder were 
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estimated, and the results are shown in Figure 4.23. The average grain size and lattice 
strain in the Al-2.5vol.%Al2O3 nanocomposite powders were 111 nm, 0.22%, respectively. 
With 5 % volume fraction of Al2O3 nanoparticles, the average grain size and lattice strain 
remained almost unchanged, but a further increase in the volume fraction of Al2O3 
nanoparticles to 7.5 % increased the grain size and lattice strain to 1111 nm and 0.47% 
respectively. At a volume fraction of 10% Al2O3 the grain size and lattice strain decreased 
to 500 nm and 0.39%, respectively. One reason for the variations in the grain size and 
lattice strain is caused by the introduction of dislocations, vacancies, impurities and other 
lattice defects during milling [10, 11]. The lattice parameter increases for Al are possibly 
due to the substitution of larger Fe atoms produced from the collision of the balls with the 
internal surface of the milling vial into the Al lattice. Also an increase in the amount of 
alumina particles leads to an increase in the dislocation density, and causes grain 
refinement. Figure 4.14 shows a TEM bright field images of 12 hours milled Al-(2.5-
10)vol.% Al2O3 nanocomposites powders. If we look carefully at those images there is a 
sub-structure associated with the Al2O3 particle and the reinforcement nanoscaled 
particles distributed mostly near the grain boundaries. 
 
Figure ‎4.21: XRD patterns of 12 hours milled Al powder and Al-(2.5-10)vol.% Al2O3 
nanocomposites powders.  
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Figure ‎4.22: βCosθ/λ vs Sinθ/λ plot of the 12 hours milled (a) Al-2.5vol.% Al2O3 
nanocomposites powder and(b) Al-10vol.% Al2O3 nanocomposites powder. 
 
Figure ‎4.23: Average grain size and lattice strain of Al-(2.5-10)vol.%Al2O3 
nanocomposite powders produced by 12 hours of milling as a functions of the volume 
fraction of Al2O3. 
The changes in microstructure of the Al-(2.5-10)vol.%Al2O3powders was 
examined using TEM. This showed that after 12 hours milling time, a mixture of 
equiaxed and elongated aluminium grains were present in the microstructure. The 
range of grain-sizes varied with alumina volume fraction and these are 
summarized in the table below: 
Table ‎4.5: The grain sizes of Al-(2.5-10) vol.%Al2O3 powders. 
Composition Milling 
condition 
Milling Time Grain sizes (nm) 
Al-2.5vol.%Al2O3 Route 1 12 hr 100-500 
Al-5vol.%Al2O3 Route 1 12 hr 100-400 
Al-7.5vol.%Al2O3 Route 1 12 hr 50-400 
Al-10vol.%Al2O3 Route 1 12 hr 50-300 
 
It is clear that, for Al-7.5vol.% Al2O3, the average grain size estimated from the 
XRD data in figure 4.21 is larger than the sizes obtained by TEM. From the TEM 
examination, we can see that the grain size of the Al matrix decreased slightly 
with increasing volume fraction of Al2O3 nanoparticles. The SADPs of the 
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nanocomposites showed {111}, {200}, {220}, and {222} diffraction rings of the 
Al matrix and weak diffraction spots from {311} and {400} planes of the Al2O3 
nanoparticles (Figure 4.25). 
Figure 4.26 shows the average microhardness of as-milled Al powder particles 
and Al- (2.5-10)vol.%Al2O3 nanocomposite powders produced by 12 hours of 
milling. There is a small increase in the microhardness with a 2.5 vol. % Al2O3 
addition, and further increases in the Al2O3 nanoparticle content to 10vol.% 
continues  the trend of microhardness increase to 143 HV. 
 
 
 
Figure ‎4.24: TEM bright field images of 12 hours milled Al-(2.5-10)vol.% Al2O3 
nanocomposite powders  particles  (a) 2.5vol.% Al2O3, (b) 5vol.% Al2O3, (c) 7.5vol.% 
Al2O3, (d) 10vol.% Al2O3. 
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Figure ‎4.25: SADPs of (a) Al-2.5vol.% Al2O3 nanocomposite, (b) Al-5vol.% Al2O3 
nanocomposite, (c) Al-7.5vol.% Al2O3 nanocomposite, and (d) Al-10vol.% Al2O3 
nanocomposite, corresponding to the TEM images shown in Figure 4.24. 
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Figure ‎4.26: Average microhardness of Al and Al-(2.5-10)vol.%Al2O3 nanocomposites 
powder particles produced after 12 hours of milling. 
4.4 Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposites powders 
Coarse powder particles with sizes in the range of 20-150 µm formed after 12 
hours of milling a mixtures of Al powder with 4wt%Cu and 2.5vol.%SiC 
nanoparticles together with 1wt%PCA( Figure 4.27(a)). When the volume fraction 
of SiC nanoparticles was 5%, 7.5 % and 10%, the nanocomposite powder particle 
sizes were in the range of 10-90 µm, 5-120 µm and 5-70µm respectively.  
The XRD patterns of the 12 hours milled Al-4wt%Cu- (2.5-10) vol%SiC 
nanocomposite powders (Figure 4.28) showed a mix of the Al, Cu, and SiC peaks. 
The Cu and SiC peaks are very weak, and this can be explained by the small 
volume fractions of Cu and SiC phases.  It was clear that with increasing volume 
fraction of SiC nanoparticles the Al peaks became broader, suggesting a decrease 
in the Al grain size. The shift in the Al peaks is thought to be caused by a change 
in lattice parameter as a result of incorporation of alloying elements into the Al 
lattice to form a solid solution [12]. The average grain sizes and lattice strains of 
the 12 hours milled Al-4wt.%Cu-(2.5-10)vol.%SiC nanocomposite powders were 
determined using the Williamson-Hall method, and the results are shown in 
Figure 4.29.It can be seen that with increasing volume fraction of SiC 
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nanoparticles inside the nanocomposite powder from 2.5% to 10%, the average 
grain size of the Al matrix decreased from 333 nm to 83 nm, but the lattice strain 
changed little and was in the range of 0.25% - 0.37%. One reason of the variations 
of the lattice strain is caused by the introduction of dislocations, vacancies, 
impurities and other lattice defects during milling [10, 11]. 
 
Figure ‎4.27: SEM micrographs of Al-4wt%Cu-SiC nanocomposites powder particles 
produced by 12 hours of milling with 1 wt% PCA: (a) 2.5vol.%SiC, (b) 5vol.%SiC, (c) 
7.5vol.%SiC, (d) 10vol. %SiC. 
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Figure ‎4.28: XRD patterns of Al-4wt%Cu- (2.5-10)vol% SiC nanocomposite powders 
produced by 12 hours of milling. 
 
Figure ‎4.29: Average grain size and lattice strain of Al-4wt.%Cu-(2.5-10)vol.%SiC 
nanocomposite powders produced by 12 hours of milling as a functions of the volume 
fraction of SiC nanoparticles. 
The microstructure of the Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite powders 
particles was examined using TEM. Based on the TEM examination (Figures 4.30 
and 4.31), it was clear that the microstructure of the powder particles produced 
after 12 hours of milling consisted of slightly elongated or equiaxed Al grains 
containing  high dislocation density and had sizes in the range 100-500 nm for Al-
4wt%Cu-2.5vol.% SiC,  50-200 nm for Al-4wt%Cu-5vol.% SiC, 50-350 nm for 
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Al-4wt%Cu-7.5vol.% SiC, and 50-250 nm for  Al-4wt%Cu-10vol.% SiC. From 
the TEM examination, we can see that the grain sizes of the Al matrix decreased 
slightly as the volume fraction of SiC nanoparticles increased. The SADPs of the 
nanocomposites powder particles showed {111}, {200}, {220}, and {222} 
diffraction rings of the Al matrix and weak diffraction spots of {111} and {220} 
planes of the SiC nanoparticles. 
The average microhardness for Al-4wt%Cu- (2.5-10)vol.%SiC composite was 
also measured and for 12 hours milled Al-4wt%Cu with 2.5%,5%,7.5% and 10% 
SiC powder particles the microhardness was 122, 154, 180 and 192 HV, 
respectively. This shows that the microhardness of the nanocomposite powder 
particles increased significantly with increasing volume % of SiC nanoparticles 
incorporated within the Al-4wt%Cu matrix.  
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Figure ‎4.30: TEM bright field images of the microstructures of Al-4wt%Cu-(2.5-
10)vol.% SiC nanocomposite powder particles: (a) 2.5vol.% SiC , (b) 5vol.% SiC, (c) 
7.5vol.% SiC, (d) 10vol.% SiC. 
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Figure ‎4.31: SADFs corresponding to the TEM images shown in Figure 3.31: (a) 
2.5vol.% SiC , (b) 5vol.% SiC, (c) 7.5vol.% SiC, (d) 10vol.% SiC. 
4.5 Al-4wt%Cu-(2.5-10)vol.%SiC micro-composite powders 
SEM back scattered electron images of 12 hours milled Al-4wt%Cu- (2.5-
10)vol%SiC microcomposites powder particles after different milling times and 
reinforcement volume fractions are shown in Figure 4.32. The Al2Cu particles 
(bright particles in the SEM images in Fig. 4.32) were formed by the reaction 
between Al and Cu, and had shapes ranging from equiaxed to elongated with 
diameter or thickness being in the range of 1-20 μm. Figure 4.33 shows the 
backscattered images for the cross sections of the 12 hours milled Al-4wt.%Cu-
(2.5-10)vol.%SiC microcomposites powder particles. Figure 4.34 shows a cross 
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section of Al-4wt.%Cu-(2.5-10)vol.%SiC but at higher magnification and the SiC 
micro particles embedded in the Al matrix can be seen. 
 
Figure ‎4.32: SEM backscattered electron images of the 12 hours milled powder of Al-
4wt%Cu-SiC microcomposites powder particles: (a) 2.5vol.%SiC, (b) 5vol.%SiC, (c) 
7.5vol.%SiC, (d) 10vol. %SiC. 
XRD patterns from 12 hour milled Al-4wt%Cu-(2.5-10)vol.%SiC 
microcomposites powders (Figure 4.35) showed Al, Cu, and SiC peaks. Figure 
4.36 shows the results of the average grain sizes and lattice strains of the 12 hours 
milled Al-4wt. %Cu-(2.5-10)vol.%SiC microcomposites powders. It can be seen 
that with increasing the volume fraction of SiC micro particles from 2.5% to 10%, 
the average grain size of the Al matrix increased from 167nm to 200 nm. In the 
meantime, the lattice strain changed little, being in the range of 0.10- 0.26%. Like 
alumina particles discussed previously, SiC particles will impede matrix grain 
growth. Smaller SiC particles are generally less effective in pinning moving grain 
boundaries, and since the SiC particle size was decreased by about 85% after 
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mechanical milling, this explains the varying estimated average grain size after 12 
hours of milling [13]. 
 
Figure ‎4.33: SEM backscattered electron images of the cross sections of the Al-4wt%-
(2.5-10)vol.% SiC microcomposites powder particles produced by 12 hours of milling: :(a) 
2.5vol.%SiC, (b) 5vol.%SiC, (c) 7.5vol.%SiC, (d) 10vol. %SiC. (20.0 kv 12.1mmX300 
YAGBSE) 
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Figure ‎4.34: High magnification SEM backscattered electron images of the cross 
sections of the Al-4wt%-(2.5-10)vol.% SiC microcomposites powder particles produced 
by 12 hours of milling: :(a) 2.5vol.%SiC, (b) 5vol.%SiC, (c) 7.5vol.%SiC, (d) 
10vol. %SiC. 
 
Figure ‎4.35: XRD diffraction patterns of Al-4wt%Cu- (2.5-10)vol%SiC 
microcomposites powders produced by 12 hours of milling. 
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Figure ‎4.36: Average grain size and lattice strain of Al-4wt.%Cu-(2.5-10)vol.%SiC 
micro composite powders produced by 12 hours of milling as a functions of the volume 
fraction of SiC. 
 
Figure 4.37 show the SEM micrographs of the cross-sections of Al-4wt%Cu- 
(2.5-10)vol%SiC micro-composite powder particles and corresponding EDX 
elemental mappings for Al, Si, and Cu. It can be seen that the SiC particles with 
sizes in the range of 0.5 to 25 μm are incorporated into the metal matrix particles. 
The average particle size of the starting SiC powder was 40 μm, so it is clear that 
the SiC particle sizes are significantly reduced due to fracturing of the SiC 
particles caused by milling. 
The average microhardness of the Al-4wt%Cu- (2.5-10)vol.%SiC 
microcomposites powder particles produced after 12 hours milling (Figure 4.38) 
was much higher than that for Al powder particles, but changed little with 
increasing volume fraction of the micrometre sized SiC particles. This might be 
due to the non-uniform distribution of the SiC particles among the powder 
particles as shown by EDX elemental mappings in Figure 4.37.  
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Figure ‎4.37: SEM micrographs and corresponding energy dispersive X-Ray Elemental 
(Al, Si, and Cu) maps of the cross section of Al-4wt%Cu-(2.5-10)vol.%SiC micro 
composite powder particles after 12 hours of milling: (a) 2.5vol%SiC , (b) 5vol%SiC , 
(c)7.5vol%SiC, and (d)10vol%SiC. 
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Figure ‎4.38: Average microhardness of Al-4wt%Cu- (2.5-10) vol.%SiC micro-
composites powder particles produced after 12 hours of milling. 
4.6 Discussion 
4.6.1 Mechanical milling 
High energy ball milling has been previously used to consolidate ductile powders 
such as Al- Al2O3 [14, 15], Al-Cu-Al2O3 [9], and Al-Cu-SiC [16]. The high 
energy ball milling of elemental powders resulted in producing 
powders/balls/granules after 12 and 24 hours of milling with or without using 
1wt% PCA. This is used to prevent sticking of the milled powders to the discs or 
surface of the balls and the inner walls of the vial and to achieve a proper balance 
between cold welding and fracture when milling ductile materials. Milling was 
carried out for a maximum 12 hours of net time only, because by using 1 wt% of 
PCA a sufficient amount of powder with a negligible amount of loose powder was 
produced (Where the amount produced was >95% from starting powders). The 
oxygen content in the manufactured composite powder was not measured before 
and after milling, because the Al powder is already surrounded with a protective 
layer of aluminium oxide, which makes it difficult to measure the actual oxygen 
content of the powders. HEMM in which the process of creates a large number of 
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new surfaces due to the smaller size of the particles and the increased surface area 
attracts oxygen during the passivation of the milled powder.  
Mechanical milling is feasible for dispersing reinforcement particles within the 
matrix, but with increased milling time there is no significant effect on 
microstructure because a steady-state condition is reached. This was noticed with 
alumina powders because they become very fine and higher energy is required to 
achieve ultra-fine particles. This study is in agreement with Zhang`s findings [17] 
and very effective way dispersing nanoscaled Al2O3 or SiC particles into small 
grain sized.  
4.6.2 Effect of Nanoparticles on Milling 
It appears that the addition of ceramic particles (Al2O3) to Al powder broadens the 
full-width at half-maximum (FWHM) aluminium XRD peaks, with a slight shift 
in the position of the XRD peaks being noticed. This can be explained by the 
effect on the lattice spacing of dissolution of impurities, particularly iron, in the 
lattice of aluminium. Based on the broadening of the XRD patterns and applying 
the Williamson-Hall method the average grain size of the Al-(2.5-10)vol.%Al2O3 
nanocomposites and Al-4wt%Cu-(2.5-10)vol.%SiC ultra-fine grained and 
nanocomposites was reduced with 12 hours milling time and with an increasing 
volume of the reinforcement within the matrix. This was caused by severe plastic 
deformation affecting the elemental powders and the refining effect of adding the 
hard reinforcing particles to the Al powders. This is in agreement with Hesabi 
et.al [18] who found that the crystallite size of the Al powder decreased with the 
addition of ceramic particles especially in the case of nanoscaled alumina. XRD 
analysis revealed that the crystallite size of the aluminium matrix in the composite 
powders is smaller than that of the unreinforced aluminium. The addition of hard 
particles accelerates the milling process, leading to a faster work hardening rate 
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and fracture of the aluminium matrix.  The acceleration of the grain refinement 
process by adding alumina particles can be attributed to the generation of a high 
dislocation activity, owning to interaction between the hard particles and 
dislocations. Because Al2O3 particles are hard and non-deformable, they can 
hinder dislocation movement, leading to an increase in the dislocation density. If 
the hard particles are small enough (<1 μm), the Orowan bowing mechanism leads 
to dislocation multiplication. The increased dislocation density accelerates the 
grain refining progress. Therefore, the grain refining process in the nanocomposite 
powder should be accelerated [18, 19].  
XRD analysis and TEM images showed no evidence of new phase formation 
within the matrix. The nano sized Al2O3 and SiC particles were uniformly 
distributed within the soft ductile aluminium matrix as shown in Figures 4.23 and 
4.30. A theory which explains a mechanism for this is as follows; (1) the very 
small size of reinforcements in nano measures in comparison to the size of the 
matrix (the Al grain size was fixed to be 40 µm in this study) (2) planetary mills 
can deliver a high energy density which creates a bigger mechanical impact on 
materials compared with other milling devices [20]. The difference in speeds 
between the balls and grinding jars produces an interaction between frictional and 
impact forces, which releases high dynamic energies [21] where the kinetic 
energy will be very high (at the interface surface of contact of the steel balls used 
for milling during MA). This result in high temperature generation at the point of 
contact, which softens the Al powder squeezed in between the balls and due to the 
force of impact, the nano reinforcement can penetrate the soft ductile surface of 
the Al so that the reinforcement becomes embedded. 
The microhardness increased slightly with an increasing volume of reinforcement 
within the matrix and increased milling time due to strain hardening during 
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milling and high dislocation density in the heavily cold worked material. This 
indicates how the microhardness is affected by the composition of the material 
and the stage reached during milling. The overall microstructure was found to be 
homogeneous with grain sizes fluctuating between submicrometer and nanometres. 
It is noteworthy to point out that the reduction in the average crystallite size could 
also make a partial contribution to the resultant composite hardness due to grain 
refinement leading to grain size strengthening. It is also important to mention that 
plastic deformation caused by mechanical alloying generates lattice defects, such 
as dislocations, in the Al matrix. It is thought that these defects and their 
interaction with Al2O3nanoparticles contributes to the hardness increment 
[22].Slower rate in increasing of microhardness for Al-4wt%Cu-(2.5-10)vol.% 
SiC may be attributed to the completion of alloying and dynamic recovery due to 
high work hardening effects of deformed Al–Cu powders. It may be even ascribed 
to static recovery of high deformed Al matrix with local increase of temperature in 
particles during collisions [10]. 
4.7 Summary 
In this study HEMM was used to fabricate UFG and nanostructured Al- (2.5-10) 
vol. %Al2O3  composite with a dispersion of nano alumina within the matrix and 
Al-4wt%Cu- (2.5-10) vol%SiC with two different sizes of SiC in micrometre and 
nanometre range. A sufficient amount of powder was produced after milling 
powders for 12 hours with a milling speed of 400 rpm and with the use of 1wt% 
of process control agent. The microstructure of the composite 
powder/balls/granules was studied in order to understand the morphology and 
microstructure evolution mechanism during HEMM and with changing volume 
percent of reinforcement added to the matrix. The SiC and Al2O3 nanoparticles 
were embedded into the aluminium matrix due to the high surface strain during 
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mechanical milling and the very small size of the embedded reinforcement 
particles relative to the size of the Al particles. The average microhardness 
increased with increasing volume fraction of reinforcement within the matrix. 
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 Chapter Five: Microstructure and Mechanical Properties 
of Bulk Ultrafine Structured Al-(2.5-10) vol.%Al2O3 
Nanocomposites Produced by Powder Consolidation  
5.1 Introduction 
This chapter reports and discusses the results of a study on the microstructures 
and mechanical properties of bulk  ultrafine structured Al-(2.5-10)vol.%Al2O3 
nanocomposite produced by consolidation of nanostructured  Al-(2.5-10) 
vol.%Al2O3 nanocomposite powders using powder compact forging and powder 
compact extrusion. The nanostructured Al-(2.5-10)vol.%Al2O3 nanocomposite 
powders were produced by high energy mechanical milling, as outlined in Chapter 
3. The microstructure and mechanical properties of bulk ultrafine structured Al 
samples produced in the same way were compared. The purpose of this study is to 
achieve an understanding of the consolidation behaviour of nanostructured Al and 
Al-(2.5-10)vol.%Al2O3 nanocomposite powders and  the relationships between the 
microstructures and mechanical properties of the consolidated samples. 
5.2 Microstructures of Consolidated Samples Produced by 
Powder Compact Forging  
Powder compacts were produced with a diameter of 25 mm and a height in the 
range of 29-35 mm, as shown in Figure 5.1. The densities of all powder compacts 
were determined by measuring their weights and dimensions. The theoretical 
densities of Al–(2.5-10)vol.%Al2O3 nanocomposites were calculated by using the 
rule of mixtures :  
ρcomposite= ρAlVAl+ρAl2O3VAl2O3……………Equation 5.1 
Where ρ is the density of the material and V is the volume fraction. As shown in 
Table 5.1, the relative density of the Al–2.5vol.%Al2O3 nanocomposites powder 
compacts were higher than that of the Al powder compact. However for higher 
alumina contents the relative density decreased with increasing volume fraction of 
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Al2O3 nanoparticles. This is likely to be due to the increase of hardness of the 
mechanically milled Al–(2.5-10)vol.%Al2O3 nanocomposite powder particles with 
increasing volume fraction of Al2O3 nanoparticles, as shown in Chapter 4. As the 
hardness of the powder particles increases, their ability to deform under the same 
pressing pressure reduces and thus there is a lower degree of compact 
densification.  
 
Figure ‎5.1: Side and top views of an Al–2.5vol.%Al2O3 nanocomposites powder 
compact . 
Table ‎5.1: Theoretical and relative density of Al and Al –(2.5-10)vol.%Al2O3 
nanocomposites and the corresponding powder compacts 
Composition 
Theoretical 
density 
(g/cm
3
) 
Density of 
compact 
(g/cm
3
) 
Relative 
density of 
compact (%) 
Height of 
compact 
(mm) 
Al-1wt%PCA 2.7 2.24 83.09 31.79 
Al-2.5vol%Al2O3 2.73 2.40 87.98 29.75 
Al-5vol%Al2O3 2.76 2.17 78.62 32.84 
Al-7.5vol%Al2O3 2.79 2.18 78.402 32.52 
Al-10vol%Al2O3 2.82 2.02 71.71 35.34 
 
For powder compact forging experiments, the powder compacts were heated to 
450 ºC using induction heating under argon atmosphere, and then forged using an 
open die set kept at room temperature. A 100-ton hydraulic press with a ram 
travelling speed of 7.7 mm/s was used to drive the open die halves for the forging 
experiments. The height reduction of the powder compact caused by the up-set 
forging was in the range of 82-88%. Circular discs were produced from the 
powder compact forging experiments, as shown in Figure 5.2. Tensile test 
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specimens were cut from the centre of the forged discs by using an electrical 
discharge machining (EDM) wire cutter. The density of the forged discs was 
determined using Archimedes method, and the values are shown in Table 5.2. 
 
Figure ‎5.2: Images of an Al-5vol.%Al2O3 nanocomposites disc produced by PCF and two 
tensile test specimens cut from the disk. 
Table ‎5.2: Theoretical and relative density of Al – (2.5-10)vol.%Al2O3  nanocomposite 
disks produced by PCF. 
Composition 
Theoretical 
density 
(g/cm
3
) 
Density of 
forged 
discs 
(g/cm
3
) 
Relative 
density of 
forged discs 
(%) 
Height of 
forged (mm) 
Al-1wt%PCA  2.7 2.477 91.7 4.98 
Al-2.5vol%Al2O3 2.73 2.576 94.38 5.6 
Al-5vol%Al2O3 2.76 2.549 92.36 5.4 
Al-7.5vol%Al2O3 2.79 2.600 93.19 5.37 
Al-10vol%Al2O3  2.82 2.599 92.17 4.55 
 
Figures 5.3 show SEM micrographs of the cross sections of Al, and Al-(2.5-10) 
vol. %Al2O3 nanocomposite discs produced by PCF. It was observed that the 
volume fractions of pores in the discs produced by powder compact forging were 
very low. This is not in agreement with the relative densities of the discs 
measured using the Archimedes method and shown in Table 5.2. This significant 
discrepancy may be due to inappropriate use of Archimedes method for 
measuring density given the small mass and sizes of the specimens used. 
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Figure ‎5.3: SEM micrographs of Al  and Al-(2.5-10)vol.%Al2O3 nanocomposites discs 
produced by PCF: (a) Al , (b) 2.5vol.%Al2O3 ,  (c) 5vol.%Al2O3 , (d) 7.5vol.%Al2O3 ,(e) 
10vol.%Al2O3 . 
Figure 5.4 shows XRD patterns of Al and Al-(2.5-10)vol.%Al2O3 nanocomposite 
discs produced by PCF. They only show the Al peaks, but no Al2O3 peaks. This 
might be due to the small sizes and low volume fractions of Al2O3 nanoparticles 
and the low X-ray diffraction intensity of γ-Al2O3. The XRD patterns also showed 
that the Al peaks of Al-(7.5-10)vol.%Al2O3 nanocomposites slightly shifted to 
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higher angles compared to those of Al and Al-(2.505)vol.%Al2O3 nanocomposites. 
The average grain sizes and the lattice strain of the Al, Al- (2.5-10)vol.%Al2O3 
nanocomposites discs were estimated based on the broadening of the XRD peaks 
and use of the Williamson-Hall method.  The results are shown in Figure 5.5. The 
average grain size and lattice strain of Al-2.5vol.%Al2O3 nanocomposite discs 
were 200 nm and 0.20% , respectively, both much lower than those of the Al disk. 
When the volume fraction of Al2O3 nanoparticles was increased to 5%, the 
average grain size and lattice strain increased to 500 nm and 0.46% respectively. 
By further increasing the volume fraction of Al2O3 nanoparticles to 7.5%, the 
grain size and lattice strain decreased to 250 nm and 0.27% respectively. An 
increase of the volume fraction of Al2O3 nanoparticles to 10 vol%, had a little 
effect on the grain size and lattice strain. This is because of the thermal stability of 
the microstructure of the Al-(2.5-10)vol.% Al2O3 matrix of the nanocomposites, 
which increases with increasing volume fraction of the Al2O3 nanoparticles. This 
slower rate of microstructural coarsening with increasing Al2O3 nanoparticles 
content has been explained by other researchers as caused by the Zener-drag 
effect, where the nanoparticles resist the movement of grain boundaries [1], 
however no physical evidence for this was found in the TEM images presented in 
this work. 
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Figure ‎5.4: XRD patterns of Al and Al-(2.5-10)vol.%Al2O3 nanocomposite disks 
produced by PCF. 
 
Figure ‎5.5: Average grain sizes and lattice strain of the Al and Al-(2.5-10)vol.%Al2O3 
nanocomposites discs produced by PCF. 
 
TEM was utilised to examine the microstructures of the Al and Al-(2.5-10)vol.% 
Al2O3 nanocomposites disks produced by PCF.  As shown by the TEM bright 
field images (Figure 5.6), the Al matrix and Al-2.5vol.% Al2O3 nanocomposite 
discs had an ultrafine grained (UFG) microstructure consisting of Al grains with 
sizes ranging 100-700 nm and  100-500 nm, respectively. When the volume 
fraction of Al2O3 was increased to 5%, 7.5% and 10%, the Al matrix grain size 
range changed to 50-450 nm, 50-400 nm, and 50-300 nm, respectively. This 
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shows that the average grain size of the Al matrix decreases with increasing 
volume fraction of the Al2O3 nanoparticles. This is in general agreement with the 
trend in grain size changes with increasing volume fraction of Al2O3 nanoparticles 
from XRD analysis (Figure 5.5). The grain size values estimated from XRD peaks 
broadening (Figure 5.4) are in general agreement with the actual average grain 
sizes of the Al matrix observed by TEM. The TEM examination also shows that 
the Al grains contained a high density of dislocations.  
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Figure ‎5.6: TEM bright field images of Al and Al-(2.5-10)vol.% Al2O3 nanocomposite 
discs produced by powder compact forging : (a) Al , (b) 2.5vol.% Al2O3,(c) 5vol.% Al2O3, 
(d) 7.5vol.% Al2O3, (e) 10vol.% Al2O3. 
 
5.3 Mechanical Properties and Fracture Behaviour of 
Consolidated Samples Produced by Powder Compact 
Forging  
The use of low strain rates and high temperatures during powder compact forging, 
make it an important thermomechanical processing technique for improving the 
quality of composites. From previous studies [2-4], as mentioned in chapter two, 
the tensile and yield strength of Al-(1-20)vol.%Al2O3 composites were reported to 
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be in the range of 80-400 MPa and 100-350 MPa, respectively. Figure 5.7 shows 
the tensile stress-strain curves for Al and Al/Al2O3 composites consolidated by 
PCF at varying alumina content. The pure Al showed yield strength of 280 MPa 
and elongation to fracture of just over 17%. The mechanical milling has 
significantly increased the yield strength and decreased the ductility of the 
aluminium compared with normal cold worked aluminium strip. The tensile 
properties, especially the ductility of the Al/Al2O3 nanocomposites were variable. 
Test pieces containing 2.5 and 10 vol.%Al2O3 exhibited little or no ductility, 
whereas specimens containing 5 vol.% Al2O3 showed good ductility with a yield 
strength of 343 MPa. The fracture appearance indicated that necking occurred 
prior to final fracture in the Al and Al-5vol.%Al2O3 samples, whereas the Al with 
2.5 and 10 vol.% Al2O3 had very flat, brittle fracture surfaces. In the case of the 
10vol.%Al2O3 sample the fracture was premature, outside of the gauge length. 
The reasons for good strength and ductility for Al-5vol.% Al2O3 and brittle 
behaviour for the other compositions can be explained as follows. The hardness 
and tensile behaviours of aluminium matrix composites reinforced with 
nanometric Al2O3 particulate have been found to increase with the volume 
fraction of the reinforcement. Kang et al [5] reported, above 4 vol. % of Al2O3, 
the strengthening effect levelled off because of the clustering of Al2O3 in the 
matrix. However the level of clustering was almost diminished in this study with 5 
vol.%Al2O3 due to the use of MA and achieving a uniform distribution of 
reinforcement within the Al matrix, as seen in the TEM images for this specific 
composition. The improvement in yield strength diminished when the volume 
fraction of the nano-particulate in the composite exceeded 4% according to Kang 
et al [5]. This effect can be explained by three factors. Firstly, when nano-
particulate content in the composites exceeded a critical value, the grain boundary 
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would be saturated with nano-particulates. Thus an increase in volume fraction 
exceeding 4% nano-particulates did not result in further grain-refinement. 
Secondly, grain boundary embrittlement, resulting from grain boundary 
aggregated nano-particulates, would weaken the strength and ductility of materials. 
Thirdly, the ‘effective’ nano-particulate content would reduce since particulates 
were easily agglomerated to form clusters. Therefore, in nano-particulate-
reinforced aluminium matrix composite, the strengthening mechanisms include 
grain boundary strengthening and Orowan strengthening by effective dispersal of 
nano-Al2O3 particles. Orowan strengthening by effective dispersal of nano-
Al2O3 particles proved the most significant mechanism. The local ultimate tensile 
stress in the composite may also be greater than that of the un-reinforced Al 
because of increased dislocation density and reduced grain-size [6]. It was 
reported by Koch that ductility is affected by grain size and that most 
nanostructured materials with grain sizes in the range of 20- 30 nm are "brittle" in 
tension (<5% elongation to fracture). 
 
Figure ‎5.7: Tensile stress-strain curves of specimens cut from the Al and Al-(2.5-
10)vol.%Al2O3 nanocomposites produced by PCF . 
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Figure ‎5.8: Fractured tensile test specimens cut from the Al and  Al-(2.5-10)vol.%Al2O3 
nanocomposites discs produced by PCF : (a) Al, (b) 2.5vol.%Al2O3, (c) 5vol.%Al2O3, (d) 
10vol.%Al2O3. 
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Figure ‎5.9: Fracture surfaces of tensile test specimens cut from Al and Al-(2.5-
10)vol.%Al2O3 nanocomposites discs produced by PCF  at two different magnifications: 
(a) and (a1) Al , (b) and (b1) 2.5vol.%Al2O3, (c) and (c1) 5vol.%Al2O3, (d) and 
(d1)10vol.%Al2O3. 
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Figure 5.9 (a)-(d) above shows the fracture surfaces of the tensile test specimens 
cut from the Al and Al-(2.5-10)vol%Al2O3 nanocomposite discs produced by PCF. 
The Al specimens showed ductile fracture surfaces with large dimples. Dimple 
formation is a typical feature in ductile fractures and it suggests that the powder 
particles are well bonded. Figures 5.9 (b) and (d) show that the Al – (2.5 and 10) 
vol.% Al2O3 specimens were brittle (no dimples). The fracture surfaces of Al – 5 
vol.%Al2O3  specimens in Figures 5.9 (c) and (c1) indicate that the fracture of 
these specimens occurred through ductile fracture of the Al matrix (as reflected by 
the dimples).  
Figure 5.10  , shows  that a few cavities (indicated by the arrows) had formed near 
the fracture surfaces during tensile deformation and fracture of the specimens. 
From the shapes of the cavities, it appeares that they were not caused by 
separation of neighbouring powder particles due to weak interparticle bonding. 
Mechanical milling (MM) reduces the compressibility of the powders due to work 
hardening. Alumina act as barries that slow down the diffusion process required 
for proper sintering. However Poirier et al [7] observed that the bonding between 
the Al2O3 and the Al matrix was limited, as evidenced in their work by a large 
number of visible cavities at the Al2O3/Al interface. In this study, the regions 
away from the fracture surfaces were free from any cavities. This indicates that 
the cavities near the fracture surfaces were formed by nucleation in the solid 
material, rather than due to separation of weakly bonded powder particles. 
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Figure ‎5.10: SEM micrographs of the longitudinal sections just below the fracture 
surfaces of the tensile tested specimens cut from the Al and Al-(2.5-10)vol.% Al2O3 
nanocomposite disc produced by PCF: (a) Al, (b) 2.5vol.% Al2O3 ,(c) 5vol.% Al2O3, (d) 
10.% Al2O3 . 
Figure 5.11 shows the microhardness of the Al and Al-(2.5-10)vol.% Al2O3 
nanocomposite disc produced by PCF together with that of the corresponding 
powder particles. It can be seen that the microhardness of the consolidated 
samples increased with increasing volume fraction of Al2O3 nanoparticles, and an 
improvement of ~5% in microhardness was achieved as a result of consolidation 
by powder compact forging. 
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Figure ‎5.11: Microhardness of Al-(2.5-10)vol.%Al2O3 nanocomposites powder particles 
and corresponding discs produced by PCF. (Errors bars based on standard deviation, they 
all are within 5%) 
5.4 Microstructures of Consolidated Samples Produced by 
Powder Compact Extrusion 
The density of the cold compacts and their relative densities were determined 
using the rule of mixtures, and the values are shown in Table 5.3. 
Table ‎5.3: Theoretical and relative density of Al – (2.5-10) vol. %Al2O3 nanocomposites 
and the corresponding powder compacts. 
Composition 
Theoretical 
density 
(gr/cm
3
) 
Density of 
cold 
compact 
(gr/cm
3
) 
Relative 
density of 
compacts (%) 
Height of 
compact 
(mm) 
Al- 1 wt% PCA 2.7 2.244 83.093 31.79 
Al-2.5vol%Al2O3 2.73 2.344 85.867 21.72 
Al-5vol%Al2O3 2.76 2.387 86.499 21.46 
Al-7.5vol%Al2O3 2.79 2.366 84.814 21.52 
Al-10vol%Al2O3 2.82 2.349 83.323 21.64 
 
The SEM micrograph (Figure 5.12) of the cross section of the extruded bars 
showed that they were almost fully dense without any pores. This shows that the 
severe plastic deformation of the powder particles during extrusion of the powder 
compact enables full densification of the powder compact. However, this is not in 
agreement with the measured relative densities of the extruded bar using the 
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Archimedes method (Table 5.4). The reason for this significant discrepancy is 
possibly the small weight and sizes of the specimens used to measure the density. 
Table ‎5.4: Theoretical, actual and relative densities of Al and Al – (2.5-10)vol.%Al2O3 
nanocomposites bars produced by PCE. 
Composition 
Theoretical 
density(gr/cm
3
) 
Density of 
Extruded(gr/cm
3
) 
Relative 
density (%) 
Al- 1 wt% PCA 2.7 2.66 98.61 
Al-2.5vol%Al2O3 2.73 2.59 94.69 
Al-5vol%Al2O3 2.76 2.58 93.38 
Al-7.5vol%Al2O3 2.79 2.68 96.09 
Al-10vol%Al2O3 2.82 2.61 92.54 
 
 
Figure ‎5.12: SEM micrograph of the cross section of the Al-2.5vol.%Al2O3 
nanocomposites bar produced by PCE. 
Figure 5.13 shows the XRD patterns of Al-(2.5-10)vol.%Al2O3 nanocomposites 
cylindrical bars produced by PCE. As before they only show Al peaks, due to the 
small sizes and volume fractions of Al2O3 nanoparticles and the low volume 
fraction intensity of γ-Al2O3.The average grain sizes and the lattice strain of the 
Al-(2.5-10)vol.%Al2O3 nanocomposites cylindrical bars were estimated based on 
the broadening of the XRD peaks and using the Williamson-Hall method 
(Figure5.14). The average grain size and lattice strain of Al-2.5vol. %Al2O3 
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nanocomposite extruded bar were 1666 nm and 0.31%, respectively, and those of 
Al-5vol. %Al2O3 nanocomposite extruded bar were 142 nm and 0.15%. When the 
volume fraction of Al2O3 nanoparticles was increased to 7.5% the grain size 
changed to 200 nm and lattice strain to 0.23%. For Al-10vol.%Al2O3 
nanocomposite extruded bar, the grain size and lattice strain were 333 nm and 
0.47%. These variances in the lattice strain are due to the thermal stability of the 
microstructure of the Al-(2.5-10)vol.% Al2O3 matrix of the nanocomposites 
increasing with the increase in the volume fraction of the Al2O3 nanoparticles. 
TEM was utilised to examine the microstructures of the Al and Al-(2.5-10)vol.% 
Al2O3 nanocomposites cylindrical bars produced by PCE.  As shown by the TEM 
bright field images shown in Figure 5.15, the Al and the Al matrix of the Al-(2.5-
10) vol.% Al2O3 nanocomposite had an ultrafine grained (UFG) microstructure 
consisting of grains with sizes ranging 100-800 nm for Al ,100-600 nm for Al-
2.5vol.% Al2O3. 50-500 nm for Al-5vol.%Al2O3, 50-400 nm for Al-7.5vol.% 
Al2O3, and 50- 300 nm for Al-10vol.% Al2O3. This shows that the average grain 
size of the Al matrix decreases with an increasing volume fraction of Al2O3 
nanoparticles.  Estimates of the average grain size were based on broadening of 
the XRD peaks using the Williamson-Hall method (Figure 5.14). These are in 
general agreement with the grain sizes of the Al matrix observed by TEM. The 
TEM examination also shows that the Al grains contained a high density of 
dislocations. 
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Figure ‎5.13: X-ray diffraction patterns of Al-(2.5-10)vol.%Al2O3 nanocomposite bars 
produced by PCE. 
 
 
Figure ‎5.14: Grain size and lattice strain of the extruded Al-(2.5-10)vol.%Al2O3 
nanocomposites bars produced by PCE as functions of the volume fraction of Al2O3 
nanoparticles. 
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Figure ‎5.15: TEM bright field images of Al and  Al-(2.5-10)vol.%Al2O3 nanocomposite 
produced by powder compact extrusion: (a)  Al, (b) 2.5vol.% Al2O3,(c) 5vol.% Al2O3, (d) 
7.5vol.% Al2O3, (e) 10vol.% Al2O3.  
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5.5 Mechanical Properties and Fracture Behaviour of 
Consolidated Samples Produced by Powder Compact 
Extrusion 
Figure 5.16 shows the tensile engineering stress-strain curves of specimens cut 
from the Al and Al-(2.5-10)vol.%Al2O3 nanocomposites cylindrical bars produced 
by PCE.  It can be seen that the Al and Al-5vol.%Al2O3 extruded bars showed a 
high tensile yielding strength (σy), of 321 MPa and 318 MPa respectively and 
good ductility as reflected by elongation to fracture of  1.5% and 8% ,respectively. 
The Al-2.5vol.%Al2O3 extruded bars showed the highest tensile yield strength of 
364 MPa, but poor ductility as reflected by a small elongation to fracture of less 
than 1 %. No significant macroscopic plastic yielding was noticed for the 10 
vol. %Al2O3 nanocomposites extruded bar, since it fractured prematurely at a 
stress of 347 MPa.  The tensile mechanical properties of Al-7.5vol% Al2O3 was 
not determined as a due to tensile test specimen could not be produced.  
The fractured tensile test specimens cut from Al and Al-5vol.%Al2O3 extruded bars 
showed clear necking before fracturing (Figure 5.17), while those cut from Al-(2.5 and 10) 
vol.%Al2O3 extruded bars showed no evidence of necking. 
 
Figure ‎5.16: Tensile stress-strain curves of Al and Al-(2.5-10)vol.%Al2O3 
nanocomposites bars produced by PCE. 
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Figure ‎5.17: Fractured tensile test specimens cut from the Al and Al-(2.5-10)vol.% Al2O3 
nanocomposites bars produced by PCE: (a) Al, (b) Al-2.5vol.% Al2O3 , (c) Al.5vol.% 
Al2O3, (d) Al -10vol.% Al2O3. 
Further investigation was carried out on Al-5vol.% Al2O3 nanocomposites, under 
the same conditions as described in Chapter 3 . One noticeable difference after 
powder compact extrusion was the increase in relative density of the Al-5vol.% 
Al2O3 nanocomposites from 93 % to 99%. Figure 5.18 shows, the tensile 
engineering stress-strain curves of specimens cut from Al-5vol.%Al2O3 
nanocomposites cylindrical bars produced by PCE.  The mechanical properties 
have been summarized in Table 5.5 below. It can be seen from both Figure 5.18 
and Table 5.5 that the Yield strength increased from 318 MPa (Figure 5.16) to 
more than 350 MPa in the new produced samples, which severely affected the 
ductility and reduced it to the range of 1.5-2 %. Increasing the volume fraction 
and/or decreasing the particle size of the reinforcement particles resulted in more 
frequent interactions between dislocations and the hard particles which 
accelerated the mechanical milling effectiveness. This leads to a refinement in the 
grain size of the powders produced.  During extrusion, the reinforcing hard 
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particles fractured and thereby a uniform distribution of the particles in the matrix 
became evident (Figure 5.19). So with decreasing grain size and a more uniform 
distribution of the reinforcement particles within the matrix, the strength of the 
MMCs increased. By having these two effects working together for the 5vol.% 
material and knowing that during loading the specimen,  yielding of the base alloy 
matrix occurs by the movement of dislocations along slip planes, the movement of 
dislocations is hindered by the presence of the hard Al2O3 homogenously 
distributed particles. This results in an accumulation of dislocations at the 
interface therefore a higher load is required for yielding. In other words the 
mechanical properties improved.  According to Kang et al [5] when the volume 
fraction of the nano-particulate in the composite exceeded 4%, grain boundary 
aggregated nano-particulates cause the strength and ductility of the material to fall. 
Another reason for a drop off in ductility in metal matrix composites is that as the 
concentration of reinforcements in the matrix increases, damage accumulates 
leading to increased porosity, thus weakening the nanocomposite. This is 
explained by enhanced void formation between neighbouring particles which 
effectively increase the porosity of a fairly dense material. The presence of 
microspores between adhering particles and the reinforcement concentrations 
increases these damage accumulations [8]. This can be seen in the bright and dark 
field images shown in Figure 5.19 below. 
In Figure 5.19 we can observe an almost homogeneous distribution of the nano 
Al2O3 particles within the matrix. From the nano particle distribution in the 
aluminium matrix, an estimation of the Orowan strengthening mechanism based 
on yield strength of the aluminium and particulate-dislocation interaction can be 
determined. 
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If we assume that the particles are evenly spaced we can find the estimated 
increase in tensile strength due to the addition of the alumina nanoparticles with 
average size of 50 nm.  For aluminium the shear modulus G is 26 GPA and the 
Burgers vector b=0.286 nm. To calculate the estimated tensile strength we need 
first to find the average distance between the particles λ, 
 
Where, r the radius of the nanoparticles assumed to be spheres,   is the volume 
fraction of particles. 
The shear yield strength increase deriving from dispersion strengthening is given 
by:  
Where Ƭ is the dislocation line tension and b is the Burger`s vector. The line 
tension is given by:  Ƭ=Gb2 
The expression for  can now written as: 
 
But σ= 3  
By using the above equations and the given information we can simply now 
calculate the estimated increase in the strength for Al-5vol.%Al2O3 
nanocomposites powders. The estimated yield strength of Al-5vol.%Al2O3  is 
775.9 MPa. However, when comparing the calculated values of yield strength 
with the experimental values, a difference is noticed, possibly due to non-uniform 
dispersion of the nano-reinforcements in the actual sample. This in-homongeneity 
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in the distribution would have reduced the effective amount of particulates 
available for strengthening. 
 
Figure ‎5.18: Tensile stress-strain curves of Al and Al-5vol.%Al2O3 nanocomposites bars 
produced by PCE. (All were shifted for clarification) 
Table ‎5.5: Mechanical properties of Al – 5vol.%Al2O3 nanocomposites bars produced by 
PCE. 
Sample Yield strength 
(MPa) 
Ultimate tensile 
strength (MPa) 
Ductility (%) 
1 367 404 1.5 
2 359 378 1.5 
3 372 404 2.1 
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Figure ‎5.19: TEM bright field and dark field images of Al-5vol.%Al2O3 nanocomposite 
produced by powder compact extrusion showing void formation between neighbouring 
particles and the Alumina semi homogeneous distribution. 
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Figure 5.20 below shows the typical fracture surfaces of tensile test specimens cut 
from the Al and Al-(2.5-10)vol.% Al2O3 nanocomposite bars produced by PCE. 
The ductile fracture surfaces of Al and Al-5vol.%Al2O3 nanocomposite specimens 
clearly showed large dimples. In powder compact extrusion samples, dimples are 
typical of ductile fracture; this suggests that the powder particles were well 
bonded. Figures 5.20 (b) and (c) show that with an increasing volume fraction of 
Al2O3 nanoparticles from 2.5 to 5 vol%, the fracture surface exhibits more 
dimples indicating a higher degree of microscopic ductile fracture. The presence 
of veins and rivers patterns could be noticed in Figures 5.20 (b) and (c), this 
revealed that fractured particles were surrounded by ductile regions known as tear 
ridges and voids [9]. By increasing the Al2O3 volume fraction up to 10% the 
fracture surface of the composite showed a brittle failure which was dominated by 
intergranular fractures (Figures 5.20 (d) and (d1). 
Figure 5.21 shows SEM micrographs of logitudinal cross-sections just below and 
well below the fracture surfaces of Al and Al-(2.5-10)vol.%Al2O3 tensile test 
specimens cut from the extruded bars. A few cavities (indicated by the arrows) 
formed near the fracture surface during tensile deformation and fracture of the 
specimen. From the shapes of the cavities, it appeares that they were not caused 
by separation of neighbouring powder particles due to weak interparticle bonding, 
but rather through void nucleation occuring as second phase particles or 
inclusions crack or debond from the matrix material during plastic deformation. In 
regions away from the fracture surfaces (Figures 5.21 (a1) and (c1)) there were 
some cavities, casued by a seperation of weakly bonded particles rather than the 
nucleation of cavities in the solid material. On the other hand, Figures 5.21 (d) 
and (d1)  show that no cavities had formed near or away from the fracture surfaces 
of an Al-10vol.%Al2O3 specimen. 
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Figure ‎5.20: Fracture surface of tensile test specimens cut from Al and Al-(2.5-10)vol.% 
Al2O3 nanocomposite bars produced by PCE at two different magnifications: (a) and (a1) 
Al, (b) and (b1) 2.5vol.% Al2O3; (c)  and (c1) 5vol.% Al2O3 ;(d) and (d1)10vol.% Al2O3 . 
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Figure ‎5.21: SEM back scattered electron micrographs of the longitudinal sections near 
((a)-(d)) and away from the fracture surfaces (a1)-(d1) of the tensile test specimens cut 
from the Al and  Al-(2.5-10)vol.% Al2O3 nanocomposite bars produced by PCE: (a) and 
(a1) Al, (b) and (b1) 2.5vol.% Al2O3 ,(c) and (c1) 5vol.% Al2O3, (d) and (d1) 10vol.% 
Al2O3. 
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Figure ‎5.22: Microhardness of Al and Al-(2.5-10)vol.%Al2O3 nanocomposites powder 
particles and corresponding bars produced by PCE. 
 
Figure 5.22 shows the microhardness of the Al and Al-(2.5-10)vol.% Al2O3 
nanocomposite bars produced by PCE together with that of the corresponding 
powder particles. It can be seen that the microhardness of the consolidated 
samples has increased with increasing volume fraction of Al2O3, and an 
improvement up to ~20% in microhardness was achieved as a result of 
consolidation by powder compact extrusion. 
5.6 Discussion 
5.6.1 Powder preparation effects on consolidation 
The consolidation of the nanocomposites powders through the application of heat 
and pressure results in fully dense compacts. Recrystallization and grain growth 
occurs during the high temperature consolidation, especially for the powders 
prepared from the HEMM process [10]. 
The high energy ball milling of the powders resulted in ultra-fine grain structures 
after 12 hours of net milling.  The Al2O3 nanoparticles were embedded in the Al 
matrix, and there was no evidence of intermetallic or new phase formation within 
the matrix. The microhardness of the consolidated powder was slightly higher 
after consolidation, due to the initial strain hardening deriving from the milling 
process and the following thermomechanical treatment. Hardness was found to 
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increase with increasing the volume fraction of reinforcement within the matrix 
until a certain volume is reached after which it started to decrease due to 
clustering of the reinforcement. It has been reported that by reducing the Al2O3 
particle size from 400 to 4 nm the nanocomposite powder hardness increases by 
11% [7]. 
A homogeneous microstructure was found in the composites after consolidation. 
As expected, the density of composite compacts decreased with increasing 
volume fraction of Al2O3 nanoparticles in the Al matrix. This is because the 
degree of softening in the powder compacts during hot pressing is much higher 
for the 2.5 vol.%Al2O3 composite than that in the other composite compacts with 
higher alumina content. The theoretical densities of the Al-(2.5-10)vol.%Al2O3 
nanocomposites were calculated using the rule of mixtures, while the actual 
densities of the powder compacts were calculated by dividing their weights by 
corresponding volumes. It was found that the relative densities for samples 
produced by both forging and extrusion were in the range of 92-99%. This is 
because of the increased hardness of the powder particles caused by work 
hardening during milling, and by the volume fraction of the hard Al2O3 nano 
particles in the composite structure. 
5.6.2 Effects of consolidation on microstructure 
Aluminium based particulate reinforced MMCs have limitations because of 
various structural defects causing poor forgability. Therefore utilising the severe 
plastic deformation (SPD) is one of the effective methods for making materials 
with nanometre or submicrometer sized grains. Powder compact extrusion has 
been used to consolidate metal nanopowders and nanostructured powders to 
obtain bulk materials with fine grain structure [4, 11]. 
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Transmission electron microscopy has shown that the nano reinforcement was 
uniformly distributed within the Al matrix, which has a high dislocation density as 
a result of severe plastic deformation. Although, the density of green compacts is 
low and this affects the pressure distribution during forging, good consolidation 
characteristics were found despite the increase in the hardness of the starting 
powders due to strain hardening during milling. 
No diffraction peaks from the Al2O3 phase can be detected in the XRD patterns 
for the specimens produced by PCF and PCE.  This is probably because of the 
relatively small fraction and size of Al2O3 nano particles in the composite powder  
It was observed that the samples produced from powder compact extrusion (PCE) 
have a finer microstructure than those produced by powder compact forging 
(PCF), based on average grain size estimations using the Williamson-Hall method 
[12] and the TEM examinations. This is important, because it shows that the 
composite microstructure after high temperature PCE processing was more 
refined. This grain refinement could be due to recrystallization of the heavily 
deformed ultra-fine grained Al matrix during heating to 500 ºC. 
5.6.3 Mechanical Properties 
Aluminium nanostructured powders give good properties for an extrusion 
temperature of about 400 °C. This work has shown that with increasing volume 
fraction of Al2O3 nanoparticles, the microstructure of the Al-(2.5-10) vol.% Al2O3 
matrix of the bulk nanocomposite samples becomes finer. This is because an 
increase in the amount of Al2O3 in the starting powder microstructure increases 
the effectiveness of HEMM, and this creates a finer microstructure in the 
nanocomposite powder. This was confirmed by TEM examination of the milled 
powder particles.  
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For the Al-(2.5-10) vol. %Al2O3 nanocomposites produced by powder compact 
forging and powder compact extrusion. The Al-5vol. % Al2O3 composite 
produced from both processing methods showed the best ductility accompanied 
with the best tensile strength, and that is a result from what was mentioned and 
explained earlier in section 5.3. 
It is well know that the yield stress is strongly dependent on the grain size and 
temperature. The Hall-Pitch relationship can be used to explain the effect of grain 
size on yield stress. The yield stress is proportional to  where d is the 
average grain diameter. The ultra-fine grained (UFG) Al metal matrix 
nanocomposites are characterized by high values of hardness and yield strength at 
low temperatures. It has been reported that nanostructured materials are "brittle" 
in tension (<5% elongation) [13]. A study has shown that the tensile strength of an 
Al matrix composites was enhanced to over 300 MPa with limited ductility of not 
more than 1% [14] while in other studies forged samples of an 
AA2618/20vol%Al2O3 composite achieve yield strengths of over 400 MPa with 
increased elongation at room temperature up to twice that found in an as-cast 
composite [15]. 
Brittle and ductile types of fracture surface were noticed after tensile testing. 
S.C.Tjong et al. [16] reported that the fracture surface for Al based composites 
reinforced with Al2O3 submicron particles were characterized by typical tear 
ridges and shallow dimple morphologies with submicron ceramic particles 
remaining intact with the matrix.  
5.7 Summary 
1. This study has clearly demonstrated, that a UFG  structure of Al and Al-
(2.5-10)vol.% Al2O3 nanocomposites can be synthesized by a combination of high 
energy mechanical milling  and a severe plastic deformation process to 
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consolidate the powder compacts into nearly fully dense forged discs and 
extruded bars. The ultrafined grained structure of the milled composite powders 
and in the powder compact forgings and extrusions were confirmed by 
Transmission Electron Microscopy. 
 Milled aluminium powder after forging and extruding showed high tensile 
yield strength (σy), of 299 MPa and 321 MPa, respectively. The broken tensile 
specimens for the forged and extruded composites showed that both specimens 
eventually necked before fracturing. 
 No significant microscopic yielding was noticed in the Al-2.5 and 10 
vol. %Al2O3 composites produced by powder compact forging. The Al-5vol. % 
Al2O3 composite showed a ductility of 8%. An Al-5vol. % Al2O3 composite shows 
the best fracture strength of 343MPa. 
 No significant microscopic yielding was noticed in the Al- 10 vol. %Al2O3 
composite material produced by powder compact extrusion. Al-2.5vol. % Al2O3  
showed a ductility of ~1% with the highest tensile strength of 364 MPa while Al-
5vol. % Al2O3 showed a ductility of 8%. Al-5vol. % Al2O3  specimen from the 
figure shows the a yielding strength of 318 MPa. 
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 Chapter Six: Microstructure and Mechanical Properties 
of Ultrafine Structured Al-4wt%Cu-(2.5-10) vol.%SiC 
Nanocomposites Produced by Powder Consolidation  
6.1 Introduction. 
Aluminium based metal matrix nanocomposites with nanostructured or ultrafine 
structured (UFS) matrices can be produced by a combination of high energy 
mechanical ball milling (HEMM) of the powders and their subsequent 
thermomechanical consolidation. The effects of nanoscaled reinforcement 
particles on the mechanical properties of metal matrix nanocomposites have been 
studied by many researchers. For instance, Narayansamy et al. [1] evaluated the 
effect of silicon carbide particle size on workability under a triaxial stress state of 
P/M performs of an Al-SiC composite. The authors, showed that the formability 
stress index, strain hardening index, and strength coefficient values vary 
significantly for different particle sizes and percentage content of SiC. Ogel et 
al.[2] produced an Al-Cu- SiC metal matrix composites by using a conventional 
hot pressing and found that the yield strength and tensile strength of the material 
were improved while the ductility reduced with increasing amounts of SiC 
particles. This chapter presents the results of an experiment on the microstructures 
and mechanical properties of UFS Al-4wt%Cu-(2.5-10) vol.%SiC 
nanocomposites. This nanocomposite was chosen because it’s an age hardenable 
alloy, and to examine the effects of adding SiC reinforcement to the solid solution 
matrix.  These were produced by a combination of HEMM of a mixture of Al, Cu, 
and SiC nanoparticles followed by powder consolidation using powder compact 
forging (PCF) and powder compact extrusion (PCE), respectively.  
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6.2 Microstructures and Mechanical properties of Ultrafine 
structured Al-4wt%Cu-(2.5-10)vol.%SiC composites 
Produced by Powder Compact Forging  
The cylindrical Al-4wt%Cu-(2.5-10) vol. % SiC microcomposite powder 
compacts produced by hot pressing had a diameter of 25 mm and a height ranging 
from 28 to 32 mm, (Table 6.1). Theoretical densities of the Al-4wt%Cu-(2.5-10) 
vol. % SiC microcomposites were calculated by using the rule of mixture, while 
the actual densities of the powder compacts were calculated by dividing their 
weights by corresponding volumes. Table 6.1, shows that the relative densities 
decreased with increasing SiC content by up to 7.5 vol. % in the milled Al-
4wt%Cu-SiC powder. This is likely related to the increased hardness of the 
powder particles caused by work hardening during milling and to the increased 
volume fraction of the hard micrometre sized SiC particles in the composite 
structure.  
Table ‎6.1: Theoretical and relative density of Al –4wt% Cu-(2.5-10)vol.%SiC 
microcomposites and the corresponding compacts. 
Composition 
Theoretical 
density 
(gr/cm
3
) 
Density of 
compacts 
(gr/cm
3
) 
Relative 
density 
(%) 
Height of 
compacts 
(mm) 
Al-4wt%Cu-2.5vol%SiC  2.71 2.55 94 28 
Al-4wt%Cu-5vol%SiC  2.72 2.38 87 30 
Al-4wt%Cu-7.5vol%SiC  2.74 2.26 83 31.5 
Al-4wt%Cu-10vol%SiC  2.75 2.3 84 31 
 
Figure 6.1 shows the SEM micrographs of the samples obtained from the central 
region of forged discs taken in two different magnifications. SEM examination 
revealed that the forged discs were almost fully dense with the volume fraction of 
pores being <1%. The Al2Cu and SiC fine particles were homogenously 
distributed within the Al(Cu) solid solution matrix. The sizes of the SiC particles 
(grey particles in Fig. 6.1) were in the range of 5-15 µm which indicates the 
reduction of SiC particle sizes by up to 85% during milling. The Al2Cu particles 
(bright particles in Fig. 6.1) were formed by a reaction between Al and Cu, with 
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shapes ranging from equiaxially stretched to elongated to a diameter/thickness in 
the range of 1-10 µm. Fig. 6.2 shows the XRD patterns of the forged Al-4wt%Cu-
SiC microcomposites discs which showed Al (Cu) and SiC peaks. The XRD 
peaks of the Al (Cu) phase are fairly broad, suggesting the grains of Al (Cu) phase 
were very fine. Based on the Williamson-Hall method (Fig. 6.3), the estimated 
grain size and lattice strain of the Al-4wt%Cu-(2.5-10) vol.%SiC nanocomposites 
are summarized in Table 6.2. The grain size and lattice strain remained almost 
unchanged. This is due to the thermal stability of the composite microstructure as 
the volume fraction of SiC in the matrix increases. This may be explained by the 
increased Zener-drag effect with increasing volume fraction of nanoparticles, 
which resist the movement of grain boundaries. This effect leads to a slower rate 
of microstructural coarsening with increased content of nanoparticles [3], but no 
physical evidence for this was found from the TEM images. 
Table ‎6.2: Average grain size and lattice strain for milled Al-4wt%Cu-(2.5-10)vol.%SiC 
microcomposites produced by powder compact forging. 
Composition Milling 
Time 
(Hr) 
Average grain size 
(µm) 
Lattice Strain 
(%) 
Al-4wt%Cu-2.5vol.%SiC 12 2 0.34 
Al-4wt%Cu-7.5vol.%SiC 12 2.5 0.30 
Al-4wt%Cu-10vol.%SiC 12 1.667 0.36 
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Figure ‎6.1: SEM micrographs of samples from the centre regions of the Al-4wt%Cu-
(2.5-10)vol.%SiC microcomposite discs produced by PCF: (a) and (a1) 2.5vol.%SiC; (b) 
and (b1) 7.5vol.%SiC; (c) and (c1) 10vol.%SiC. 
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Figure ‎6.2: XRD patterns of forged Al-4wt%Cu-(2.5-10)vol.%SiC microcomposites 
discs. 
 
Figure ‎6.3: Average grain size and lattice strain of the Al-4wt%Cu-(2.5-10)vol.% SiC 
microcomposites disc produced by PCF as a function of the volume fraction of SiC 
particles. 
The average microhardness of the forged discs was 73HV, 105HV and 162HV for 
Al-4wt%Cu-(2.5, 7.5 and 10) vol. % SiC, respectively. Figure 6.4 shows the 
tensile engineering stress-strain curves of specimens cut from the Al-4wt%Cu-
(2.5-10) vol.%SiC microcomposite discs produced by PCF. The Al-4wt%Cu-
2.5vol.%SiC microcomposite specimens fractured at an average stress of 225MPa 
without yielding, while the Al-4wt%Cu-(7.5 and 10) vol. %SiC microcomposites 
specimens did yield prior to fracturing and with a small plastic strain to fracture 
(~1%) at an average stress of 191 to 384 MPa, respectively. The fracture strength 
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of the forged discs increased from 225 to 412 MPa with increasing volume 
fraction of SiC particles from 2.5% to 10%. The broken tensile test specimens did 
not show evidence of necking. The fractured surfaces were very flat and the 
fracture mostly occurred at the locations closet to the point of section thickness 
change. Figure 6.5 shows the fracture surfaces of the specimens. The fracture of 
the specimen occurred through fracturing of SiC particles (shown by the arrows), 
debonding of the powder particles and ductile fracture of the Al (Cu) matrix (as 
reflected by the dimples). 
 
Figure ‎6.4: Tensile stress- strain curves of the specimens cut from the Al-4wt%Cu-SiC 
composite forged discs. (Two curves were moved to the right for clarity). 
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Figure ‎6.5: SEM images of the fracture surfaces of the tensile testing specimens at two 
magnifications: (a) and (a1) Al-4wt%Cu-2.5vol%SiC; (b) and (b1) Al-4wt%Cu-
7.5vol%SiC; and (c) and (c1) Al-4wt%Cu-10vol%SiC. 
6.3 Microstructures and Mechanical properties of Ultrafine 
Structured Al-4wt%Cu-(2.5-10) vol.%SiC Nanocomposites 
Produced by Powder Compact Forging 
The Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite powders produced by HEMM 
of mixtures of Al powder, Cu powder and SiC nano powder with 1 wt% of PCA 
were first compacted using uniaxial hot pressing. The Al–4wt%Cu-(2.5-
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10)vol.%SiC nanocomposite powder compacts had a diameter of 25 mm and 
height in the range of 29-41 mm (Table 6.3). The densities of all composite 
compacts were derived by measuring their weights and dimensions. Theoretical 
densities of Al–4wt%Cu-(2.5-10)vol.%SiC nanocomposites were calculated using 
the rule of mixture (Equation 5.1). 
Table ‎6.3: Theoretical and relative density of Al –4wt% Cu-(2.5-10)vol.%SiC 
nanocomposites and the corresponding compacts. 
Composition 
Theoretical 
density 
(gr/cm
3
) 
Density 
of 
compact 
(gr/cm
3
) 
Relative 
density of 
compacts 
Height 
of 
compact 
(mm) 
Al-4wt%Cu-2.5vol%SiC 2.71 2.55 94.23 30.48 
Al-4wt%Cu-5vol%SiC 2.72 1.767 64.85 40.21 
Al-4wt%Cu-7.5vol%SiC 2.74 1.74 63.67 39.3 
Al-4wt%Cu-10vol%SiC 2.75 2.074 75.3 29.5 
 
With the exception of Al-4wt%Cu-10vol.%SiC, the relative densities of the 
nanocomposite powder compacts decreased with increasing volume fraction of 
SiC in the milled nanocomposite powder (Table 6.3). This is possibly caused by 
the increased hardness of the mechanically milled Al–4wt%Cu-(2.5-10)vol.%SiC 
nanocomposite powder particles with increasing volume fraction of SiC for the 
reasons described in Chapter 4. It follows that the higher the powder particle 
hardness, the lower is their deformation under the same powder pressing pressure 
and thus there is a lower degree of densification caused by powder particle 
deformation.  
The density of the forged discs was determined using the Archimedes method, 
and the values are shown in Table 6.4. It should be noticed that the specimens 
produced after powder compact forging are almost fully dense. 
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Table ‎6.4: Theoretical and relative density of Al –4wt%Cu- (2.5-10)vol.%SiC 
nanocomposite discs produced by PCF. 
Composition 
Theoretical 
density 
(gr/cm
3
) 
Density of 
forged (gr/cm
3
) 
Relative density 
of forged (%) 
Al-4wt%Cu-2.5vol%SiC  2.71 2.71 99.94 
Al-4wt%Cu-5vol%SiC  2.72 2.64 96.95 
Al-4wt%Cu-7.5vol%SiC  2.74 2.70 98.72 
Al-4wt%Cu-10vol%SiC  2.75 2.73 99.24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎6.6: SEM micrographs of Al-4wt.%Cu-(2.5-10)vol.%SiC nanocomposite discs 
produced by PCF: (a)2.5vol.%SiC, (b) 5vol.%SiC,(c) 7.5vol.%SiC, (d) 10vol.%SiC  
 
Figure 6.6 shows the SEM micrographs of Al-4wt.%Cu-(2.5-10) vol.%SiC 
nanocomposite discs produced by PCF. It is clear that the pores were less than 1% 
in the samples. Figure 6.7 shows the XRD pattern of the Al-4wt%Cu-(2.5-
10)vol.%SiC nanocomposites forged discs. The XRD patterns shows strong Al 
peaks and weak SiC and Cu peaks, due to their small sizes and volume fractions. 
The average grain sizes and the lattice strain of the Al-4wt%Cu-(2.5-10) 
vol. %SiC nanocomposites were estimated from the broadening of the XRD peaks 
P
o
res 
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(Figure 6.8). Based on the Williamson-Hall method (Figure 6.8), the estimated 
grain size and lattice strain of the Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposites 
were determined and are summarized in Table 6.5. The presence of SiC particles 
impedes matrix grain growth. Smaller SiC particles are generally less effective in 
pinning moving grain boundaries, which can explain the inconsistency of the 
estimated average grain size [4]. 
Table ‎6.5: Average grain size and lattice strain for milled Al-4wt%Cu-(2.5-10)vol.%SiC 
nanocomposite produced by powder compact forging. 
Composition Milling 
Time 
(Hr) 
Average grain size 
(µm) 
Lattice 
Strain (%) 
Al-4wt%Cu-2.5vol.%SiC 12 10 0.29 
Al-4wt%Cu-5vol.%SiC 12 3.3 0.42 
Al-4wt%Cu-7.5vol.%SiC 12 3.3 0.44 
Al-4wt%Cu-10vol.%SiC 12 0.5 0.46 
 
Figure ‎6.7: X-ray diffraction patterns for Forged Al-4wt%Cu-(2.5-10)vol.%SiC 
nanocomposites. 
. 
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Figure ‎6.8: Grain size and lattice strain data of the Al-4wt%Cu-(2.5-10)vol.%SiC 
nanocomposites after powder compact forging. 
 
TEM was utilised to examine the microstructures of the Al-4wt%Cu-(2.5-10) 
vol.%SiC nanocomposite discs produced by PCF. The bright field images (Figure 
6.9), shows that the Al matrix had an ultrafine grained (UFG) microstructure 
consisting of grain sizes in the range of 400-2000 nm , 200 -1500 nm, 100-1000 
nm, and 50-500 nm for Al-4wt%Cu-(2.5, 5, 7.5, and 10) vol.%SiC 
nanocomposites respectively. This shows that the average grain size (Figure 6.8) 
is clearly larger than the actual average Al grain size estimated by TEM, and this 
difference is likely due to an under estimation of the XRD peak widths.  
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Figure ‎6.9: TEM bright field images ofAl-4wt%Cu-(2.5-10)vol.%SiC nanocomposites 
discs produced by PCF: (a) 2.5vol.% SiC ,(b) 5vol.% SiC,(c) 7.5vol.% SiC,(d)10vol.% 
SiC. 
Stress-strain curves for the specimens cut from the Al-4wt%Cu-(2.5-10) 
vol. %SiC nanocomposites discs produced by PCF are shown in Figure 6.10. The 
Al-4wt%Cu-2.5vol. %SiC specimens fractured at an average stress of 205MPa 
without yielding. The fracture strength of the forged disks increased from 200 to 
450 MPa by increasing the volume fraction of SiC nano particles from 5 to 7.5 
vol. % but the Al-4wt%Cu- 10 vol. %SiC specimens exhibited pre-mature 
fracturing. To gain more information about the nature of the fractures, and the 
bonding between the powder particles, the fracture surfaces, and longitudinal 
sections, near to and away from the fracture surfaces of the specimens, were 
examined using the SEM. Figure 6.11 shows that the broken tensile test 
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specimens did not show significant void formation during deformation and 
fractures. Figure 6.12 shows the fracture surfaces of the specimens and these 
indicate a ductile fracture of the Al matrix as reflected by the tear ridges. The 
average microhardness of the Al-4wt5Cu-(2.5-10)vol.%SiC nanocomposite 
forged discs increased from 105 HV to 231 HV, with increasing volume fraction 
of SiC nanoparticles from 2.5% to 10%, as shown in Figure 6.13. 
 
Figure ‎6.10: Tensile engineering stress-engineering strain curves of the specimens from 
the Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposites produced by PCF reinforced with 
nano SiC. 
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Figure ‎6.11: SEM micrographs of  longitudinal sections of the tensile test specimens cut 
from the Al-4wt%Cu-(5 and 7.5)vol.% SiC nanocomposite disc produced by PCF: (a) just 
below the fracture surface, 5vol.% SiC ; (b) just below the fracture surface, 7.5vol.% SiC; 
(c) away from the fracture surface, 5vol.% SiC; (d) away from the fracture surface, 
7.5vol.% SiC. 
 
 
Figure ‎6.12: SEM micrographs of the fracture surfaces of the tensile tested specimens cut 
from Al-4wt%Cu-(7.5 and 10) vol.% SiC nanocomposite discs produced by PCF (a) 
5vol.%SiC  and (b) 7.5vol.%SiC. 
Figure ‎6.13: Microhardness for Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposites discs 
produced by PCF. 
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6.4 Microstructures and Mechanical Properties of UFSAl-
4wt%Cu-(2.5-10)vol.%SiC Nanocomposites Produced by 
Powder Compact Extrusion 
6.4.1 Microstructure of Consolidated Samples Produced by Powder 
Compact Extrusion 
The Al–4wt%Cu-(2.5-10)vol.%SiC nanocomposite compacts had a diameter of 25 
mm and height in the range of 16-22mm (Table 6.6). The densities of all the 
powder compacts were measured by measuring their weights and dimensions. The 
theoretical densities of Al–4wt%Cu-(2.5-10)vol.%SiC nanocomposites were 
calculated using the rule of mixtures as described in Chapter 5. The relative 
density of the nanocomposite powder compacts decreased with increasing volume 
fraction of SiC nanoparticles in the milled nanocomposite powder. 
Table ‎6.6: Theoretical and relative density of Al–4wt% Cu-(2.5-10)vol.%SiC 
nanocomposites and the corresponding  powder compacts. 
Composition 
Theoretic
al density 
(g/cm
3
) 
Density of 
cold compact 
(g/cm
3
) 
Relative 
density of 
compacts 
(%) 
Height of 
compact 
(mm) 
Al-4wt%Cu-
2.5vol%SiC 2.71 2.657 97.949 19.74 
Al-4wt%Cu-
5vol%SiC 2.72 2.376 87.166 21.84 
Al-4wt%Cu-
7.5vol%SiC 2.74 2.469 90.165 20.75 
Al-4wt%Cu-
10vol%SiC 2.75 2.433 88.428 16.86 
Circular bars (8 mm in diameter) were produced from the powder compact 
extrusion experiments. The tensile test samples were cut from the centre of the 
extruded bars using an electrical discharge machining (EDM) wire cutter. The 
relative densities of the extruded bars were determined using Archimedes` method 
and are shown in Table 6.7. 
SEM micrographs (Figure 6.14) of the extruded bars showed that they were 
almost fully dense with no apparent porosity. This is in agreement with the 
relevant densities of the cylindrical bars measured using the Archimedes` method. 
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Table ‎6.7: Theoretical and relative density of Al – 4wt.% Cu-(2.5-10)vol.%SiC extruded 
nanocomposites cylindrical bars produced by PCE. 
Composition 
Theoretical 
density (g/cm
3
) 
Density of 
Extrusion (g/cm
3
) 
Relative 
density (%) 
Al-4wt%Cu-
2.5vol%SiC 2.71 2.670 98.446 
Al-4wt%Cu-5vol%SiC 2.72 2.715 99.604 
Al-4wt%Cu-
7.5vol%SiC 2.73 2.699 98.547 
Al-4wt%Cu-
10vol%SiC 2.75 2.722 98.950 
 
Figure 6.15 shows XRD patterns of Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite 
cylindrical bars produced by PCE. The XRD patterns show strong Al peaks with 
weak SiC and Cu peaks, due to the small sizes and volume fractions of SiC and 
Cu particles. The average grain sizes and the lattice strain in the Al-4wt%Cu-(2.5-
10)vol.%SiC nanocomposite cylindrical bars were estimated using the XRD data 
(Figure 6.16). The estimated average grain size and lattice strain of the Al-
4wt%Cu-2.5vol.%SiC nanocomposites are 250 nm and 0.39%, respectively. With 
increasing volume fraction up to 5% of SiC nanoparticles, the grain size and 
lattice strain changed to 500 nm and 0.37%, respectively. For Al-4wt%Cu-
7.5vol.%SiC nanocomposites, the grain size and lattice strain are 1250 nm and 
0.36%, respectively. For Al-4wt%Cu-10vol.%SiC nanocomposites, the grain size 
and lattice strain are 1666 nm and 0.42%, respectively. The average grain size 
increased with increasing volume fraction of the SiC nanoparticles in the 
nanocomposite, while the lattice strain was little affected by the volume fraction 
of SiC. 
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Figure ‎6.14: SEM micrographs of the Al-4wt.%Cu-(2.5-10)vol.% SiC nanocomposite 
bars produced by PCE: (a)2.5vol.%SiC, (b) 5vol.%SiC,  (c) 7.5vol.%SiC, (d) 10vol.%SiC. 
 
Figure ‎6.15: X-ray diffraction patterns of the Al-4wt%Cu-(2.5-10)vol.%SiC 
nanocomposite bars produced by powder compact extrusion. 
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Figure ‎6.16: Grain size and lattice strain of the Al-4wt%Cu-(2.5-10)vol.%SiC 
nanocomposites bars produced by PCE as a function of the volume fraction of SiC 
nanoparticles. 
 
Figure 6.17 shows bright field TEM images of the Al-4wt%Cu-(2.5-10)vol%SiC 
nanocomposite extruded bars. The microstructure had an ultrafine grain size 
(UFG), consisting of Al grains  with  sizes ranging from 100-800 nm for Al-
4wt%Cu-2.5vol.%SiC, 200-600 nm for Al-4wt%Cu-5vol%SiC, 100-500 nm for 
Al-4wt%Cu-7.5vol%SiC, and 50-300 nm for Al-4wt%Cu-10vol%SiC. This shows 
that the average grain size estimated using the broadening of the XRD peaks 
(Figure 6.16) is clearly larger than the actual average Al grain size found in TEM. 
The TEM micrographs show a high dislocation density in the Al grains. 
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Figure ‎6.17: TEM bright field images ofAl-4wt%Cu-(2.5-10)vol.% SiC nanocomposites 
bars produced by PCE (a) 2.5vol.% SiC, (b) 5vol.% SiC, (c) 7.5vol.% SiC, (d) 10vol.% 
SiC. 
 
6.4.2 Mechanical Properties and Fracture Behaviour of Consolidated 
Samples Produced by Powder Compact Extrusion 
Figure 6.18 shows the tensile engineering stress-strain curves for specimens cut 
from the Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite bars produced by PCE. 
The tensile data after PCE are summarized in Table 6.8. The tensile testing 
specimens cut from the extruded bars of Al-4wt%Cu-(7.5 and 10) vol. %SiC 
nanocomposite fractured prematurely at stresses of 270 MPa and 325 MPa 
respectively. Thus, it is not clear what their yield strength and TS are. The overall 
SiC 
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premature fracture may have been caused by easy fracturing of the SiC 
nanoparticles agglomerates within the Al matrix in the extruded bars. 
Table ‎6.8: Yield strength, tensile strength, and plastic strain for Al – 4wt.% Cu-(2.5-
10)vol.%SiC extruded nanocomposites cylindrical bars produced by PCE. 
Composition Yield 
Strength 
(MPa) 
Tensile 
Strength 
(MPa) 
Plastic 
Strain 
(%) 
Al-4wt.%Cu-2.5 vol. %SiC 98 168 6.8 
Al-4wt.%Cu-5 vol. %SiC 391 400 1.2 
Al-4wt.%Cu-7.5 vol. %SiC N/A N/A N/A 
Al-4wt.%Cu-10 vol. %SiC N/A N/A N/A 
 
Figure 6.19 shows typical fracture surfaces of the tensile test specimens cut from 
the composite bars. It can be seen that the fracture of the Al-4wt%Cu-(2.5 and 5) 
vol. % SiC nanocomposite specimens occurred through ductile fracture of the Al 
matrix, with the fracture surfaces showing dimples and ligaments. It appears that 
with increasing SiC nanoparticles content from 2.5 vol. % to 5%, the depth of the 
dimples and height of the ligaments becomes significantly smaller, as shown in 
Figure 6.19 (a) and (b). The fracture surfaces of the Al-4wt%Cu-(7.5 and 10) 
vol. %SiC nanocomposite specimens were very flat, suggesting that their fracture 
was brittle in nature. To reveal more information about the nature of the bonding 
between the powder particles, the longitudinal sections of the fractured specimens 
just below the fracture surfaces were also examined using SEM (Figure 6.20). It 
can be seen that only a few cavities(indicated by the arrows) formed near the 
fracture surfaces during tensile deformation and fracture of the specimens. The 
shapes of the cavities suggest that they were not caused by separation of 
neighbouring powder particles due to weak interparticle bonding in the broken 
tensile test specimens. The average microhardness of the Al-4wt.%Cu-(2.5-10) 
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vol. %SiC nanocomposite bars produced by PCE increased from 104 HV to 205 
HV with increasing the volume fraction of SiC nanoparticles from 2.5 to 10% 
(Figure 6.21).  
 
Figure ‎6.18: Tensile stress-strain curves of specimens cut from Al-4wt%Cu-(2.5-10) 
vol. % SiC bars produced by PCE. 
 
Figure ‎6.19: SEM micrographs of the fracture surfaces of the tensile test specimens cut 
from Al-4wt%Cu-(2.5-10) vol.% SiC nanocomposite bars produced PCE: (a) 
2.5vol. %SiC (b) 5 vol. %SiC (c) 7.5vol. %SiC (d) 10vol. %SiC. 
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Figure ‎6.20: SEM micrographs of the longitudinal sections just below the fracture 
surfaces of the tensile test specimens cut from the Al-4wt%Cu-(2.5-10)vol.% SiC 
nanocomposite bars produced by PCE: (a) 2.5vol.% SiC ; (b) 5vol.% SiC; (c) 7.5vol.% 
SiC; (d) 10vol.% SiC. 
 
Figure ‎6.21: Microhardness for Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposites bars 
produced by PCE. 
 
Resin 
 150 
6.5 Electrical Properties 
Electrical resistivity is a measure of how strongly a material opposes the flow of 
electrical current.  Conductivity (σ) is the inverse of the electrical resistivity and 
measured by Siemens per meter. The electrical resistivity is calculated by the 
following equation (see also Figure 6.22);  
                                                            (6.1) 
where; R is the electrical resistance of a uniform specimen of the material (measured in 
ohms, Ω),   is the length of the piece of material (measured in meters, m),A  is the cross-
sectional area of the specimen (measured in square meters, m²). 
 
Figure ‎6.22: Piece of resistive material with electrical contacts on both ends. 
Table ‎6.9: The resistivity, conductivity and temperature coefficient of various materials 
at 20 °C [5, 6]. 
Material P(Ω.m) at 20 C σ(S/m) at 20 C 
Aluminium 2.82×10
−8
 3.5×10
7
 
Copper 1.68×10
−8
 5.96×10
7
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Table ‎6.10: The electrical resistivity for Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite 
produced by powder compact extrusion. 
Specimen 
Voltage 
(v) 
Current 
(I) 
Length 
(m) 
Resistivity 
(P) (Ω) 
Conductivity 
(1/p) 
(S⋅m−1) 
Al-4wt%Cu-
2.5vol.%SiC 0.000766 10 0.00629 4.4E-08 2.27 E7 
Al-4wt%Cu-
5vol.%SiC 0.00113 10 0.0063 6.2E-08 1.6E7 
Al-4wt%Cu-
7.5vol.%SiC 0.000855 10 0.00658 5.5E-08 1.8E7 
Al-4wt%Cu-
10vol.%SiC 0.00106 10 0.00666 7.04E-08 1.42E7 
The R was fixed to be 0.007 Ω. 
The Al-4wt%Cu-(2.5-10)vol.%SiC nanocomposite bars produced by PCE were 
used to measure the electrical conductivity as there were enough specimens 
available for this test. It was noticed that with increasing volume percentage of 
SiC nanoparticles within the matrix, the conductivity of the nanocomposite 
extruded bars decreased due to their hindering the movement of the electrons 
within the Al matrix. This is in agreement with observations made by Chang et al. 
and Akthars et al. [7, 8]. 
6.6 Discussion 
6.6.1 Effect of SiC Volume Fraction on Microstructure 
With increasing volume fraction of SiC nanoparticles, the microstructure of the 
Al-4wt%Cu matrix of the bulk nanocomposite samples becomes finer. There are 
two reasons for this: (i) an increase in the number of SiC nanoparticles in the 
starting powder microstructure increases the effectiveness of HEMM, causing the 
microstructure of the powder to be finer. This process is confirmed by TEM 
examination of the milled powder particles. (ii) The thermal stability of the Al-
4wt%Cu matrix increases with increasing volume fraction of SiC nanoparticles. 
This effect leads to a slower rate of microstructural coarsening with increased 
content of SiC nanoparticles. 
 152 
With increasing volume fraction of SiC, a high dislocation density around the SiC 
promotes dynamic recrystallization (DRX), giving rise to small sub-grains during 
hot deformation. This suggests that the dynamically recrystallized grains are 
influenced significantly by the SiC volume fraction. When the deformation 
temperature is increased, the dislocation density decreases and the grain size 
increases for all of the composites [9], no clear evidence from TEM was observed, 
but that what is expected as mentioned from other researchers. During 
deformation, the mismatch between a non-deforming particle and ductile metal 
matrix during deformation leads to an enforced strain gradient in the matrix near 
to a particle. The strain gradient creates a region which contains a high dislocation 
density and large orientation gradient. These regions are called particle 
deformation zones (PDZ). In other words, the addition of particles refines the 
matrix grain structure of matrix during hot deformation [10]. 
6.6.2 Mechanical Properties and Fracture Behaviour 
Figure 6.10 shows stress-engineering strain curves for specimens from the Al-
4wt%Cu-(2.5-10)vol.%SiC nanocomposite forged discs reinforced with nano SiC. 
It is known that aluminium based particulate reinforced MMCs have their 
limitations because of their low forgability resulting from defects. These defects 
may arise from the presence of nondeformable particles, a non-uniform 
distribution of these particles and porosity [10-12]. A study showed that forged 
samples had yield strengths of over 400 MPa with increased elongation at room 
temperature up to twice that in an AA2618/20vol%Al2O3 composite [13]. 
The yield strength of the bulk nanocomposite samples produced by powder 
compact extrusion increases significantly from 98 to 391 MPa with increasing 
volume fraction of the SiC from 2.5 to  5 vol. %, showing that SiC nanoparticles 
are effective in strengthening this material.  Also, a further refinement of the Al-
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4wt%Cu microstructure also contributes to an increase in yield strength. The high 
effectiveness of these two factors in strengthening the composite is also reflected 
by the observation that the yield strength of an ultrafine structured Al-4wt%Cu-
5vol.%SiC nanocomposite (391 MPa) is more than 2.5 times higher than that of a 
coarser structured Al-4wt%Cu-10vol.%SiC composite with an average particle 
size of 23µm [11]. The significant decrease in the ductility of bulk nanocomposite 
samples with increasing volume fraction of SiC nanoparticles from 2.5 to 5% may 
be for two reasons: (i) The existence of SiC nanoparticles agglomerates in the 
microstructure, which makes the formation of cavities under tensile stress easier, 
and (ii)a refinement of the microstructure of the Al-4wt%Cu matrix, which makes 
it easier to lose stability of deformation under tension [13]. Similarly, the 
premature fracture of the Al-4wt%Cu-(7.5 and 10)vol.%SiC nanocomposite 
samples during tensile testing may also be due to the existence of SiC 
nanoparticles agglomerates in their respective microstructures, making it very 
easy to form cavities under tensile stress. With a high total volume fraction of SiC 
nanoparticles at volume fractions of 7.5 or 10%, the number of such SiC 
nanoparticles agglomerates per unit volume of the sample can be quite high, so it 
is easy for cracks to form and propagate, causing fracture to occur before 
macroscopic yielding.  
According to Narayanasamy et.al [1], with increasing amounts of SiC in the 
composites, the SiC particles impede the dislocation motion and hence the stress 
required for further plastic deformation increases, which cause all the stresses to 
increase. This is not true for all of the composites examined in this study due to 
the low interparticle bonding, which resulted in a brittle material. The material 
may fracture pre-maturely.  
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Brittle and ductile types of fracture surface were noted after tensile testing. In 
Figure 6.19, it can be seen that the fracture of the Al-4wt%Cu-(2.5 and 5)vol. % 
SiC nanocomposite specimens occurred through ductile fracture of the Al matrix, 
with the fracture surfaces showing dimples and ligaments. It appears that with 
increasing SiC nanoparticle content from 2.5 vol. % to 5%, the depth of the 
dimples and height of the ligaments becomes significantly smaller. On the other 
hand, the fracture surfaces of the Al-4wt%Cu-(7.5 and 10) vol. %SiC 
nanocomposite specimens were macroscopically flat, suggesting that the cracks 
propagated with ease under tensile stress, causing the tensile test specimens to 
fracture prematurely. At microscopic level, the fracture surfaces were fairly rough, 
and the sizes of the fracture surface features scaled with the grain sizes, indicating 
that at a microscopic level, the fracture occurs through intergranular fracture. With 
SiC reinforcement in the Al matrix a partial ductile fracture was observed and 
there are dimples with embedded SiC particles and no clear separation between 
the SiC and matrix interface. Such findings have also been reported by Badini 
[14].The same observation was reported by Ogel et.al. [2] Who also found that 
SiC reinforced specimens had a partially ductile fracture containing dimples with 
SiC embedded in them. These observations indicate that because there is no clean 
separation at the SiC/matrix interface there is good interfacial bonding. 
6.7 Summary 
 The fracture strength of the Al-4wt%Cu-micro-SiC was increased from 
225MPa for Al-4wt%Cu-2.5vol. %SiC to 412 MPa for Al-4wt%Cu-10vol. % SiC. 
The Al-4wt%Cu-2.5vol. %SiC forged disc did not show any macroscopic plastic 
yielding, while the Al-4wt%Cu-(7.5 and 10)vol. %SiC forged disc showed 
macroscopic plastic yielding with a small plastic strain to fracture (~1%). 
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 The average microhardness of the extruded bars increased from 104 HV to 
205 HV with increasing volume fraction of SiC in the metal matrix 
nanocomposites. 
 The average microhardness of the extruded bars for Al-4wt%Cu-(2.5-
10)vol.% SiC increased from 104 HV to 205 HV with increasing volume fraction 
of SiC nanoparticles from 2.5 to 10%. The tensile strength increased from 168 
MPa to 400 MPa with increasing the volume fraction of SiC nanoparticles from 
2.5 to 5% while the ductility dropped from 6.8% to 1.2 %. 
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 Chapter Seven: Conclusions and Recommendations 
7.1 Conclusions 
 High energy mechanical milling was used to produce Al , Al-(2.5-
10)vol.% Al2O3 ,and Al-4wt%Cu-(2.5-10)vol.%SiC composite 
balls/granules/powder particles. It was found that Al2O3 and SiC 
nanoparticles can be uniformly dispersed in an Al matrix. 
 An addition of 1 weight percent, of PCA was added for all the milling 
conditions to improve the milling and reduce the effect of Al welding and 
powder sticking to the inner wall of the vial. 
 The nano SiC and Al2O3 were embedded into the aluminium matrix due to 
the high strains affecting the surface during the milling and the very small 
size of the reinforcement relative to the size of the Al particles. 
 For Al-(2.5-10)vol.% Al2O3 the XRD patterns showed only Al peaks, due 
to the small fraction and the very small size of the Al2O3 nanoparticles.  
XRD analysis of the as milled nano-structured Al-(2.5-10)vol. % Al2O3 
composite showed that extensive milling in Route 2 caused clear 
broadening of the Al peaks with a reduction in the intensity which are 
indications of grain size reduction with increased milling time. 
 Two different grain sizes of SiC reinforcement was used to produce the 
Al-4wt%Cu-(2.5-10)vol.%SiC UFG structured composites. XRD patterns 
of milled Al-4wt%Cu- (2.5-10)vol%SiC composites showed a mix of Al 
peaks, Cu peaks , and SiC peaks. The Cu and SiC peaks both had very 
weak intensities which could be explained by the small weight and volume 
percentage of Cu and SiC, respectively, in the aluminium matrix.  It is 
clearly that with increasing volume fraction of SiC particles within theAl-
4wt%Cu matrix the XRD peaks were becoming sharper and broader, 
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suggesting that the Al matrix grains were decreasing in size. The average 
grain sizes and lattice strains of the milled powder were determined using 
the Williamson-Hall method. TEM examination confirmed a reduction in 
the Al matrix grain size for the Al-4wt%Cu-(2.5-10)vol%SiC composite 
with increasing volume fraction of reinforcement within the matrix. 
 There was a gradual increase in the average microhardness of the Al and 
the Al- (2.5-10) vol.% Al2O3 composite powders with increasing alumina 
content after 12 hours of milling with increasing alumina content. The 
microhardness also increased with increasing volume fraction of micro 
SiC within the matrix but not increase at a steady rate. This was probably 
because of a lack of uniformity of the SiC within the matrix and the 
clustering of the SiC within the matrix. 
 The UFG  structure Al-(2.5-10)vol.% Al2O3 and Al-4wt%Cu-(2.5-
10)vol.%SiC composites can be synthesized by a combination of high 
energy mechanical milling  and severe plastic deformation which was 
utilized to consolidate the powder compacts into nearly fully dense forged 
discs and extruded bars. 
 The relative densities of forged samples for both the Al –(2.5-10)vol.% 
Al2O3 and the Al-4wt%Cu –(2.5-10)vol.%SiC composites reached 95% 
and 99% respectively. 
 For powder compact extrusion experiments, the powder compacts were 
heated to a sintering temperature of 500 ºC using induction heating under 
an argon atmosphere, and then extruded through an open die pre-heated to 
450 ºC using a 100-ton hydraulic press . The relative densities were 
calculated for the extruded samples for both the Al–(2.5-10)vol.% Al2O3 
and the Al-4wt%Cu –(2.5-10)vol.%SiC composites produced. SEM 
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micrographs taken from a random sample cut from the extruded bars 
showed no porosity.  
 No significant microscopic yielding was noticed for the Al-2.5 and 10 
vol. % Al2O3 composites produced by powder compact forging. Al-
5vol. % Al2O3 showed plastic yielding of 8%.No significant microscopic 
yielding was noticed for the Al- 10 vol. % Al2O3 composite produced by 
powder compact extrusion. Al-2.5vol. % Al2O3  showed plastic yielding of 
~1% with the highest tensile strength of 364 MPa while Al-5vol. % Al2O3 
showed plastic yielding of 8%. An Al-5vol. % Al2O3  specimen achieved a 
yield strength of 318 MPa with good ductility. 
 The ultimate tensile strength increased from 168 MPa to 400 MPa with 
increasing volume fraction of SiC nanoparticles from 2.5 to 5% while the 
ductility dropped from 6.8% to 1.2 %. The average microhardness of the 
extruded bars for Al-4wt%Cu-(2.5-10)vol.% SiC increased from 104 HV 
to 205 HV with increasing the volume fraction of SiC nanoparticles from 
2.5 to 10%.  
7.2 Recommendations for Future Work 
 Improve the powder production technique by reducing the usage of PCA; 
transfer the powder directly to the powder compacting steps. 
 Perform heat treatment and annealing on Al-(2.5-10)vol. % Al2O3  and  
Al-4wt%Cu-(2.5-10)vol.% SiC  composites. 
 Study the effect of nano reinforcement on the physical and electrical 
properties.  
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 Carry out high temperature tensile testing for the forged and extruded 
composites to study their mechanical behaviour and to develop an in-depth 
understanding of the effect of temperature. 
 Study the effect of a rolling process on improvements in material quality. 
 Further TEM studies of the UFG and nanostructured materials to get an in-
depth understanding of microstructure/processing/ property relationships. 
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Appendix 
Example Williamson-Hall method to illustrate how I calculated lattice strain and 
grain size for Figure 4.21 and Figure 4.22 
 
Peak 1: 
 
 
Peak 2: 
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Peak 3: 
 
 
Peak 4: 
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Peak 5: 
 
 
Calculations: 
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From the trend line equation we can find the lattice strain and estimated grain size 
in this case: 
The lattice strain is 0.39% 
The grain size: (1/0.0002) / 10= 500 nm 
 
 
     
 
